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ABSTRACT 


The metabolic effects of 4-amino-3,5,6-trichloropicolinic acid 
(picloram) together with its uptake, translocation, and degradation were 
studied in soybean (Glycine max (L.) Merr. cv 'Harosoy 63') (extremely 
sensitive to picloram), Canada thistle (Cirstum arvense (L.) Scop.) 
(sensitive), and barley (Hordeum vulgare (L.) cv 'Parkland") or corn 


(Zea mays (L.) cv ‘Morden 77') (resistant). 


sp 4 : , F 
Photosynthetic CO,-fixation by excised leaves of soybean and 
Canada thistle was reduced significantly by prior exposure of the roots 
of*- source plants to picloram. In corn little or no inhibition occurred in 
, ; Ne 14 3 , ‘ 
fixation. The treatments had no significant effect on CO,-fixation in 
the dark. Treatments which caused 50 per cent or more inhibition of 
fixation resulted in nearly 50 per cent reduction in labeled sucrose and 
alanine in the léaves. Relative amounts of labeled malic acid, aspartic 
acid, glutamic acid, asparagine, and serine, on the other hand, increased. 
, 14 ee ee 
Translocation of C-assimilates from leaves to roots in intact soybean 
and Canada thistle plants was inhibited if roots were treated with picloram 
14 14 & ie : 
before exposure to CO, « Transport of C-assimilates in corn plants 


was not significantly affected by picloram treatment. 


Foliar application of picloram reduced the chlorophyll content 
of soybean and Canada thistle plants. RNA and protein contents of such 
picloram-treated plants were increased up to 30 per cent over controls. 
In barley, on the other hand, picloram showed very little effect on 


chlorophyll, RNA, and protein contents. 
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In excised sections of soybean hypocotyl, barley coleoptile, 
barley leaf, and Canada thistle leaf, picloram at 10 yg/ml promoted 
growth (increase in fresh weight) and enhanced RNA and protein bio- 
synthesis (incorporation of 14 C-g-ATP and ne esU leucine le whereas at 
500 ug/ml, it inhibited growth and RNA and protein biosynthesis. 
Incorporation of radioactivity into RNA and protein of particulate and 
supernatant fractions appeared to be equally sensitive to picloram. 
Actinomycin D and cycloheximide markedly inhibited both normal and 
picloram-induced growth and RNA and protein biosynthesis. Puromycin 
was less effective in inhibiting growth and protein biosynthesis. 


Picloram, GA, and IAA all promoted growth and RNA and protein biosynthesis 


though they did so at different concentrations, and to varying degrees. 


Autoradiography and radioassay results indicated that tec 


picloram was absorbed and translocated rapidly in Canada thistle, soybean, 
and barley plants following foliar or root application. Foliar absorption 
was much faster and more complete in soybean and Canada thistle than in 
barley. The radioactivity from eae elanen accumulated in shoot 
meristems in soybean and Canada thistle, whereas in barley it was more or 
less evenly distributed throughout the plant following uptake by the 


foliage or roots. 


Uptake of Le Conacloren by excised soybean hypocotyls, barley 
coleoptiles, barley leaf sections, and Canada thistle leaf discs increased 
with increase in temperature and was promoted by added ATP and sucrose 


but inhibited by actinomycin D, cycloheximide, and DNP. 
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Decarboxylation of ets sek eaveneer by foliarly-treated Canada 
thistle, soybean, and barley plants did not occur in appreciable amounts. 
Chromatographic analysis of ethanol extracts of plants treated with 

Scope voran up to 20 days revealed no evidence of picloram metabolism 
by these plant species. In excised barley and Canada thistle leaf 
tissues, on the other hand, 3 days after treatment, Ue tcloran was 
found conjugated with plant constituents, largely with sugars. After 
acid hydrolysis of ethanol extracts of WeGseteloran treated excised leaf 


tissues only unaltered picloram was detected. 


Differences in absorption and in distribution patterns of 
picloram after shoot or root application, together with differential 
effects, direct or indirect, on nucleic acid and protein metabolisn, 
photosynthesis, and photosynthate translocation are important factors 
responsible for susceptibility or resistance of the species studied to 


this herbicide. 
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INTRODUCTION 


Picloram (4-amino-3,5,6-trichloropicolinic acid), a fairly 
recent introduction into the herbicidal field, is one of the most potent 
plant growth regulators known. Although picloram is structurally 
different from well-known auxins such as the phenoxyacetic acid deriva- 
tives, it appears to function as a growth regulator of the auxin type 
(52, 60, 79, 100). Picloram is highly phytotoxic to broadleaf plants 
while grasses exhibit various degrees of tolerance (34, 63). It is 
particularly effective on many hard-to-kill deep-rooted perennial 


Weccoe (Geol e162 9169). 


The mechanism(s) through which picloram exerts its control 
over plant growth have not been fully elucidated. There is little 
convincing evidence with respect to its possible mode(s) of action and 


herbicidal selectivity. 


The research reported in this thesis was undertaken in order 
to learn more about the physiological and biochemical responses of 
Canada thistle (Cirstum arvense (L.) Scop.) (sensitive to picloram), 
soybean (Glycine max (L.) Merr., cultivar Harosoy 63) (extremely 
sensitive), barley (Hordewn vulgare L., cultivar Parkland) and corn 
(Zea mays L., cultivar Morden 77) (resistant). The metabolic processes 
studied included photosynthesis, translocation of photosynthate, and 
RNA ae protein metabolism. In addition, uptake, translocation and 


degradation of picloram in these plant species were studied. 
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LITERATURE REVIEW 
A. 4-amino-3,5,6-trichloropicolinic acid 


The herbicidal properties of picloram (4-amino-3,5,6- 
trichloropicolinic acid) were first reported in 1963 by Hamaker et al. 
(63). Picloram has shown more toxicity to many broadleaf plants than 
2,4-D ((2,4-dichlorophenoxy) acetic acid) and 2,4,5-T ((2,4,5- 
trichlorophenoxy)acetic acid), but is only moderately toxic to grasses 
(63). It has effectively controlled deep-rooted perennial weeds such 
as Canada thistle, field bindweed (Convolvulus arvensts L.), and 


leafy spurge (Euphorbia esula L.) (4, 91, 162, 169). 


At herbicidal concentrations, picloram causes stem twisting 
and other formative effects in susceptible dicotyledonous plants. 
The distortions of growing leaves and stems are similar to those 
produced by 2,4-D (34, 52, 63, 100). Picloram induced anatomical 
alterations in leaf tissues of red kidney bean (Phaseolus vulgaris L.) 
(52), Canada thistle (92), and western ironweed (Vernonta baldwinit 
Torr.) (142) and ian nook tissues of Canada thistle (80, 146). The 
abnormalities included destruction and distortion of cortical cells 


and cambial and phloem disintegration. 


Picloram has been classified as an auxin-like herbicide 
similar to 2,4-D and has been shown to cause epinastic responses 
characteristic of auxins (46, 52). Picloram promoted the growth (fresh 
weight and length) of etiolated sections of soybean hypocotyl (46), 


wheat (friticum vulgare L.) coleoptile (79), and oat (Avena sativa L.) 
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- 3- 
coleoptile (79, 140) in a range of concentrations from 1 x Nor to 
Jigs Lome M but inhibited their growth at higher concentrations. Goodin 
and Becher (60) reported that picloram could substitute as an auxin 
source for callus growth. Qualitatively, picloram, 2,4-D, and IAA 
cause Similar growth responses in tissue sections (46, 79, 102). They 
all support growth of tissue explants in culture (60), inhibit root 
growth (78, 100), induce cell wall loosening (38, 45), produce stem 
curvature and other formative effects, and induce callus growth in 


giralinestissue (34, 252). 


B. Effects of Herbicides on Plant Metabolism 
I. Photosynthesis 


fj as) possible that the effects of some herbicides on srowth 
may be linked directly or indirectly to photosynthetic inhibition. 
As suggested by Sasaki and Kozlowski (137) herbicides may interfere with 
photosynthesis in several ways such as by (a) clogging or closing stomates, 
(b) altering optical properties of leaves, (c) altering the heat 
balance of leaves, (d) affecting metabolism directly, and (e) inducing 
anatomical changes in tissues involved in photosynthesis. Various 
interactions among these may also be involved. If herbicides influence 
the photosynthetic mechanism directly, the rate of CO, uptake should 
be altered rapidly. However, if photosynthesis is influenced indirectly 


by herbicides, the change in rate will appear gradually. 


Evidence from several sources indicates that photosynthesis 


may be affected by auxins and auxin-herbicides, both directly and 
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indivectiy= (3010155137, 172),-175) A concentration of 100 ye/ml ITAA 


and 2,4-D was found by Freeland (56) to reduce the rate of CO, uptake 


2 
by 20 per cent in bean leaves during an experimental period of 4 days. 
Sprays of 0.001 to 0.1 per cent 2,4~-D were used by Loustalot and Muzik 
(98) in their studies of the effect of the herbicide on velvet bean 
(Sttzolobium derringtanum) seedlings. Photosynthesis was not affected 
by the lowest concentration until a week or more after application. 

The two haanees concentrations of 274-) (0:05 and 0.1 percent) produced 
a Sharp drop in the rate of photosynthesis as little as 5 hours after 
treatment. The higher concentrations of 2,4-D also resulted in damage 
to mesophyll and to stem phloem. The direct effect of 2,4-D on the 


photosynthetic rate apparently was augmented indirectly by tissue damage 


and impaired translocation. 


Picloram has been shown to inhibit the photochemical activity 
(Hill reaction) of isolated chloroplasts of red kidney bean (64). 
Alterations an the internal “anatomy ot bean’ (52), Canada’ thistle (92) 
and western ironweed (142) leaves, and partial closure of bean leaf 
stomata (130) after treatment with picloram at relatively high concentra- 
tions suggest that picloram probably affects photosynthetic processes 
indirectly. At low concentrations, picloram does not seem to have 
significant effects on photosynthesis. Plengvidhya and Burris (126) 
reported that picloram did not inhibit photophosphorylation by spinach 
(Sptnacea oleracea L.) chloroplasts at concentrations up to Hho hee M. 
No information is available as yet on comparative effects of this potent 


herbicide on *c0,- fixation in picloram-sensitive and -resistant species. 
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There are two major systems in the plant which are involved 
in translocation, the symplast and the apoplast. These terms were 
introduced by Munch in 1930, according to Leonard (93), with symplast 
designating the sum total of the interconnected living protoplast of 
the plant and the apoplast the non-living cell wall phase around the 
symplast. The symplast is connected from cell to cell by plasmodesmata 
connections or tubules. The sieve tubes are considered a part of the 
symplast, while tracheids, xylem vessels, cell walls, and intercellular 


Spaces are regarded as making up the apoplast. 


The upward transport through the xylem in the transpiration 
stream is considered to be due mainly to the reduced pressure resulting 
from the evaporation of water from the mesophyll (41). Translocation 
in the symplast is more complicated. Although several theories have 
been proposed to explain the mechanism of translocation in this living 
conduit, no one of them has ever been generally accepted (156). However, 
there is considerable evidence that the translocation of photosynthetic 
assimilates occurs in sian Oise of higher plants (160) and follows 
a source-to-sink pattern, from the regions of synthesis of foods to 


For rouswOL tiebreutuitzarion (ene. 1058 1957/05. 157). 


Plant growth regulators such as IAA, GA, kinetin, and 
benzyladenine have been shown to influence the distribution of , Oe 
assimilates in plants (54, 67, 145). They may result in an increase 
in retention (54, 145) or a stimulation in translocation (67) of 


photosynthetic assimilates by the treated parts of the plant. 
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Evidence has been accumulated to show that phytotoxic dosages 
of auxin-herbicides such as 2,4-D, 2,4,5-T, and picloram can appreciably 
alter the translocation or sites of accumulation of photosynthetically 
assimilated ae implants (305) 42) 94.95.7096. 97). Leonard er ol. 
(94) reported that the capacity of red maple (Acer rubrum L.) and white 
ash (Fraxitnus americana L.) to move labeled assimilates out of their 
leaves was not destroyed by herbicidal dosages of either 2,4,5-T or 
amitrole (3-amino-1,2.4-triazole). However, translocation of labeled 
assimilates to the roots was reduced if the *co,-treated leaves had 
been sprayed previously with either herbicide. In the only report 
available on picloram, Leonard et al. (97) observed that both picloram 
and 2,4-D caused a reduction in translocation of cer eadarares into 


the roots, but enhanced translocation and accumulation by the stems and 


mature leaves of grape (Vitis vintfera L.). 


Alterations in the translocation or sites of accumulation of 
assimilates in plants treated with herbicides may be due to a disruption 
in the transport system caused by certain herbicides (45, 96, 98). 

Crafts and Yamaguchi (42) suggested that lack of translocation of labeled 
amitrole into the hypocotyl of bean plants was due to an effect of 

2,4-D, applied 2 days earlier, on the phloem. Though such interference 
with phloem transport is not critically established, a destruction of 
sieve tube elements in the phloem of stems by 2,4-D (42, 98) and 
picloram (52, 61) at higher concentrations and with longer periods of 


exposure is evident. 
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tifse Chlorophyll Content 


A number of reports exist in the literature on the effect 
of 2,4-D on chlorophyll content of susceptible and resistant plants 
(101, 174, 175). To my knowledge, no such information is available 
for picloram. Applications of 2,4-D have been shown by many investigators 
to reduce substantially the chlorophyll level in treated plants. 
Williams and Dunn (174) observed that 1 mg/ml 2,4-D caused a decrease 
in chlorophyll content of 20-day old mustard (Brasstea juncea L.) 
plants. They concluded that reduced chlorophyll content, by lowering 
photosynthetic efficiency of the chloroplasts, was responsible for a 
reduction in dry weight of the 2,4-D-treated plants. Other studies by 
Wedding et al. (172), in which a decolorization of tissue with increasing 
amounts of 2,4-D was observed, suggest that the herbicide either 
interferes with the formation of chlorophyll, or causes increased 
destruction. It has been suggested by Bruinsma (27) that auxin- 
herbicides influence the chlorophyll content of plant parts rather more 


indirectly, mainly by affecting growth or developmental rates. 


IW IRINW ehayel IPreeye@atLial Metabolism 


a. General 


Recent reviews have dealt with RNA and protein metabolism in 
relation to plant growth regulators (66, 83, 109, 159). There is now 
substantial evidence that auxins and auxin-herbicides have a role, 


direct or indirect, in nucleic acid and protein metabolism. 
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Work from the laboratory of Skoog first showed an effect of 
plant hormones on nucleic acid metabolism. Silberger and Skoog (149) 
demonstrated an increase in the RNA and DNA content of auxin-treated 
tobacco pith. Concentrations of IAA which were optimal for cell enlarge- 
ment and RNA synthesis caused few if any cell divisions in spite of 
increases in nuclear material. Higher concentrations of auxin blocked 
bothecell enlargement and’ nucleic acid accumulation. Thus Skooe's 
was the first suggestion that the action of a plant hormone is intimately 
concerned with nucleic acid, and consequently with protein metabolism. 
Since this pioneering study, numerous investigations of the influence 
of natural and synthetic auxins on RNA and protein metabolism both in 
intact plants and excised tissues have been reported and will be 


considered here. 


b. Intact seedlings 


Rebstock e€& al. (12/7) shewed that a herbicidal concentration 
of 2,4-D applied to cranberry bean plants resulted in massive accumula- 
tion of nucleic acids and protein. Similar observations on 2,4-D have 
been made in a variety of plant species such as cocklebur (Xanthium 
sp.) (50), cucumber (Cucurbiva maxzima li.) (173), and seybean (a5, 37). 
The most complete description of nucleic acid synthesis as correlated 
with aberrant growth im 2,4-D-treated seedlings is that of Key ev eh 
(87). Sprays of 2,4-D on soybean seedlings suppressed the synthesis 
of DNA, RNA, a protein, growth, and cell division in the apical 
region of the hypocotyl up to 48 hours. On the other hand, more basal 


tissue swelled, began synthesizing nucleic acids and protein, and by 12 
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310. 
hours had initiated cell division. In 48 hours rRNA content of the 
hypocotyl trebled, with smaller increases in the soluble and large 


penere le saracuLonss 


Chrispeels and Hanson (36) studied the subcellular distribution 
of RNA synthesized in hypocotyls of 2,4-D-treated soybean seedlings 
and found that a lethal concentration of 2,4-D induced the synthesis 
of massive amounts of RNA. More than half of the increase occurred 
in the microsomal fraction. The authors postulated that auxin herbicides 
renewed nuclear activity in the tissue which enhanced synthesis of RNA 
and protein and tissue proliferation. These relationships have recently 
been reviewed by Hanson and Slife (66) and implications are that the 
lethal action of auxin-herbicides relates to their hormonal effects 


rather than to some direct inhibitory action. 


Malhotra and Hanson (100) reported that herbicidal levels of 
picloram caused increases in the levels of DNA, RNA, and protein in 
susceptible species (soybean and cucumber) but not in resistant species 
(barley and wheat). They noted that the increase in RNA was primarily 
ribosomal. Baur et al. (17) have recently shown that a low concentra- 
tion of picloram significantly increased the soluble protein content 
of the dicot species cotton (Gossypium hirsutum L.) and cowpea (Vigna 
sinensts L.). Monocot species, corn, rice (Ory 2a sativa L.) and wheat, 
on the other hand, showed a decrease in protein content following 


picloram treatment. 


Evidence provided above suggests that herbicidal levels of 


synthetic auxins interfere with the normal nucleic acid and protein 
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metabolism of susceptible species. In apical meristems nucleic acid 
metabolism and growth are 'frozen'. Basal tissues respond with massive 
nucleic acid synthesis followed by protein synthesis and cell division. 
The resistant grasses respond only weakly or not at all, a property 


associated with high levels of ribonuclease (66, 100). 
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Many excised plant tissues exhibit losses in nucleic acid 
and protein when they are incubated in water or buffer solutions. Such 
losses have been observed in excised cucumber hypocotyls (173), cotton 
. cotyledons (13), pea stem sections (50), soybean hypocotyls (85), 
and excised leaves from a number of different plant species (159). 
Even with this limitation, excised tissues are usually preferred to 
intact plants for studies of RNA and protein metabolism because of 
ereateremanipulative ease im feeding! radioaetive precursors and sin 
applying various hormones or inhibitors. Numerous studies, recently 
reviewed by Hanson and Slife (66), Key (83), and Trewavas (159) have 
shown effects of plant growth regulators on nucleic acid and protein 


metabolism of excised plant tissues. 


Varied responses have been obtained with auxins and auxin- 
herbicides in RNA and protein Weave of different plant tissues 
(Table 1). iPin elomeatineg vcorn colecptiles (81, 173) and im) cotton 
cotyledons (13) auxin (2,4-D) at optimum concentrations for growth 
enhances the rate of RNA breakdown, while growth inhibitory concentra- 
tions prevent this loss in RNA. Results from experiments where the 
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as a relative measure of RNA synthesis indicate that low concentrations 
of 2,4-D enhance the rate of RNA loss by affecting the rate of RNA 
breakdown without appreciably affecting apparent RNA synthesis (ten 
incorporation). On the other hand, high concentrations of 2,4-D inhibit 
RNA synthesis, and thus must impair also the mechanism of RNA degradation. 
In excised elongating soybean hypocotyl, growth-enhancing concentrations 
of 2,4-D cause the maintenance of RNA and protein at or near the initial 
level during incubation (85, 88, 173). The enhanced incorporation of 
C-precursor into RNA in response to auxin indicated that auxin 
maintains the higher RNA content by enhancing synthesis. Growth- 
inhibiting concentrations of auxin inhibit Se Conc cure on incorporation 
without appreciably affecting the RNA content relative to the control 


system. 


Auxin-enhanced incorporation of radioactive precursors into 
RNA and protein of many plant tissues has been reported (e.g. 20, 49, 
GoeeCe ole oO.glo4, 1555-156). bUL theresareecsome ticstes witeraae 
not show this response (31, 81). Most auxin-responsive tissues show 
enhanced synthesis (precursor incorporation) at growth-promoting 
concentrations and reduced synthesis at growth-inhibitory concentrations 
of auxin. The net accumulation of RNA in response to auxin leaves 
little doubt about the capacity of auxin to enhance RNA synthesis (88). 
The work of Masuda et al. (105) indicated that the enhancement of RNA 
synthesis by auxin is not a result of growth response. Auxin enhanced 
RNA synthesis in Avena coleoptiles in which growth (water uptake) was 


blocked by isotonic mannitol concentrations. 
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Reports in the literature on the effect of picloram on RNA 
and protein synthesis are conflicting. Increases in RNA and protein 
levels of tissues of susceptible plants such as cucumber and soybean 
(77, 100) and cotton and cowpea (17) have been found after picloram 
treatment. Jones (77) and Moreland et al. (111), however, were unable 
to demonstrate picloram effects on RNA and protein synthesis (incorporation 


of labeled precursors) in corn mesocotyl or soybean hypocotyl tissues. 


A precaution in the interpretation of RNA and protein labeling 
data has been pointed out by Trewavas (159). Long incubations will 
encourage the growth of contaminating microorganisms in the incubation 
medium. This problem becomes extremely serious when experiments using 
isotopic precursors are performed. Hamilton et al. (65) reported 
extensive contamination of coleoptile sections after an incubation 
period of only 8 hours. The contaminating organisms incorporated high 
levels of radioactivity into acid-insoluble material. The authors 
also were able to show that IAA did not affect the rate of incorporation 
of labeled uridine into contaminating organisms. Key (81) and Key and 
Shannon (88) have both observed interference by microorganisms in 
experiments using RNA precursors. Key (81) demonstrated the efficacy 
of including streptomycin in the incubation medium for reducing bacterial 


contamination. 


d. Requirement of RNA and Protein Biosynthesis for Auxin-Induced Growth 


The evidence for a requirement for RNA and protein synthesis 


during auxin-induced growth has come from studies using inhibitors of 
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RNA and protein biosynthesis. Since interpretation of most of the 
results assumes specificity of action of these selected ImnapLeors. 
a brief discussion of the action of three of the most frequently used 


inhibitors is included here. 


Probably the most commonly used inhibitor of RNA synthesis 
is actinomycin D. It is believed to complex specifically with the 
amino group of deoxyguanosine in DNA, thus inhibiting DNA - dependent 
RNASSynthesis, in,cell-free systems from bacteria (26, 58, 129). 
Actinomycin D has been shown to effectively inhibit RNA synthesis in 
a wide variety of plants such as Heltanthus tuber discs (118, 119), 
Catecolecopiuless (65. 105.2 116 2119). potato (Solanum tuberosum: L. ) 
tuber discs (39), Trtlltum microsporocytes (71), and soybean hypocotyls 
(82, 84). The magnitude and timing of inhibition of RNA synthesis by 
actinomycin D varies from species to species. It causes as much as 90 
to 95 per cent inhibition of RNA synthesis at concentrations of 1 to 
10 »g/ml in some plant tissues (82, 88) but less inhibition occurs 
in other plant tissues (83, 106). Although actinomycin. does not inhibit 
protein synthesis directly, its action does lead to such inhibition 


(8235 484).. 


Cycloheximide (actidione) has been shown to effectively 
inhibit protein synthesis in several organisms including plants (83, 
84, 141). The mechanism of inhibition may relate to a direct inhibition 
of peptide bond formation and to some impairment of the termination or 
release mechanism (83, 141). Although cycloheximide may be the preferred 
inhibitor of protein synthesis in plants because of its effectiveness 


at very low concentration and its rapidity of action (48, 83), some 
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ribosomal preparations from plants seem to be insensitive (48, 1045 122), 

Puromycin inhibits protein synthesis (polypeptide formation) 
in bacteria by substituting for the amino acid end of amino-acyl tRNA 
(176 ); as a result it becomes bound to the nascent protein (113). Since 
protein synthesis in plants involves tRNA also (23), the inhibitory 
mechanism is doubtless the same. Puromycin has been shown to inhibit 
protein synthesis in a variety of plant tissues (82, 118, 119), but a 
high concentration (ome to 1pm M) generally is required for effective 
inhibition (82, 118). Because of the high concentrations required to 
accomplish inhibition of protein synthesis, puromycin should be used 
with extreme caution as a specific inhibitor of protein synthesis. 

A growing body of evidence shows that continued synthesis of RNA 
and protein is essential for continued growth of intact and excised plant 
tissues. Key et al. (84) and Nooden and Thimann (118, 119) have shown 
that normal (control) and auxin-induced growth of soybean hypocotyl 
and Avena coleoptile are inhibited by actinomycin D. Similar observations 
have now been made in many excised plant tissues (38, 43, 106, 115, 

118, 119, 124). It has been demonstrated that continued RNA synthesis 
is essential for continued growth of excised plant tissues (43, 82, 
84, 116) and that RNA synthesis can be inhibited to a considerable 
extent without affecting this growth (84, 86, 119). Actinomycin at 
low concentrations, up to about 0.2 ug/ml, inhibited RNA synthesis by 
30 to 40 per cent over 8 hours without affecting cell elongation in 
soybean hypocotyls (86). Actinomycin D eohios concentrations (e.g. 

1 ug/ml or less) selectively inhibits rRNA synthesis (83). Higher 


concentrations inhibited RNA synthesis and cell elongation in parallel 
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fashion. These studies with actinomycin D, and others with 5-fluro- 
uracil (which selectively inhibits synthesis of rRNA and sRNA (84, 86) 
on excised soybean hypocotyl (84, 86) and artichoke tuber (118) tissue, 
have indicated that the requirement for RNA synthesis to support growth 
is restricted to the synthesis of D-RNA, properties of which suggest 
that it is identical, at least in part, to mRNA (86). Viewed as a whole, 
the available evidence implies that mRNA synthesis is required for 


continued growth of excised plant tissues. 


The requirement for RNA synthesis during growth implies a 
requirement for protein synthesis (83). Indeed a wide range of protein 
synthesis inhibitors (chloramphenicol, cycloheximide, and puromycin) 
inhibit cell elongation of both excised and intact plant tissues (43, 

82, 84, 115, 118, 119, 124). There is a close parallel between the 
inhibition of growth and protein synthesis by cycloheximide in soybean 
hypocotyl (84). Results on inhibition of protein synthesis and growt 

in different plant tissues by puromycin are conflicting, with a strong 
inhibition in soybean hypocotyl (82) and oat coleoptile (119), and little 


inhibition in pea stem sections (43, 119, 124). 


The foregoing discussion dealt with the general requirement 
for the continued synthesis of RNA and protein for continued growth. 
The available data do not allow for a definitive conclusion regarding 
the relationship of this requirement to the regulation of growth by 
auxin, but several observations (84, 105, 118, 119) indicate that the 
ability of auxin to enhance the rate of cell enlargement is dependent 
upon new RNA and protein synthesis and that auxin can not cause a growth 


response by utilizing pre-existing RNA or protein. The auxin-induced 
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growth is inhibited much more than the endogenous growth by inhibitors 
of RNA and protein synthesis. For example, in soybean hypocotyl, corn 
mesocotyl and corn coleoptile, actinomycin at 5 to 10 pg/ml caused a 
60 to 70 per cent inhibition in auxin-induced growth but during the same 
interval endogenous growth was inhibited by only 5 to 10 per cent 
(82, 83, 84, 86). Cycloheximide treatment of soybean hypocotyl caused 
similar responses (84). If these tissues were pretreated with auxin 
to obtain the typical two- or three-fold increase in growth rate prior 
to the addition of actinomycin or cycloheximide, the auxin-induced 
component of growth was maintained to about the same extent for the same 
time as the original normal growth (84). Since the ability of auxin 
to enhance growth is directly proportional to the level of D-RNA 
synthesis (84), this has been interpreted (83) to mean that auxin- 
treated tissues contain about three times as much "growth essential" 
RNA (and/or protein) as control tissues. This, of course, assumes 
that auxin does not affect the stability of the "growth essential" 


RNA (and protein). 


There is not much information on specific effects of auxin 

on protein synthesis. Effects on protein synthesis in excised tissues 
14 : be 4 : 

(measured by C-amino acid incorporation) range from small increases 
to no effect. Fan and Maclachlan (51) showed a very large specific 
enhancement of cellulase activity in pea in response to IAA, an effect 
which was blocked when RNA synthesis or protein synthesis was inhibited 
by actinomycin D. Low levels of 2,4-D caused a small enhancement of 
14 


C-leucine incorporation into soybean hypocotyl (82) and Avena 


coleoptile (119) protein. This effect on protein synthesis (and growth 
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in response to auxin) was blocked by actinomycin D, while protein 


synthesis in control tissue was inhibited only Slightly during the same 


imesa reel 


C. Uptake, Translocation, and Metabolism of Herbicides 


I. Uptake by Excised Plant Tissues 


With the object of elucidating the processes by which plant 
growth regulators exert control over plant growth and metabolism, the 
pac-ternoreuptakeshashintéerestedbarnumbert bftworkersy(3750 /5en 64s 
165, 166). Excised plant segments can take up growth regulators from 
a liquid medium and accumulate it in the tissues to a concentration 
higher than that of the external solution (75). From comparisons of 
the rates of accumulation of chlorinated benzoic acids by plant segments 
of different length, Venis and Blackman (164) concluded that uptake 
proceeds largely or wholly via the cut surfaces. A similar conclusion 
was drawn by Vanden Born (161) from studies on entry of dicamba into 


oat and barley seedlings via intact coleoptiles and from cut surfaces. 


Christie and Leopold (37) and Johnson and Bonner (75) suggested 
that the course of uptake of the growth regulators TAA ande2 4D y, 
plant tissues consists of at least two separable processes, (a) an 
initial rapid uptake probably by diffusion into the free space. of the 
tissue, and (b) a continued accumulation process which involves a 
metabolic component. The involvement of metabolic activities has been 
repeatedly shown using metabolic inhibitors, such as DNP and KCN (37, 


74, 75, 161). The rate of continuing uptake is reduced by metabolic 
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inhibitors while the initial diffusion generally is inhibited only 
Slightly by these same inhibitors, if at all. Temperature markedly 
arrects the "rate "of uptakerof erowth reculatorem (37) 075 selol)). 

Vanden Born (161) reported that uptake and release of eave & oat 

and barley coleoptiles at 10°C were 50 to 60 per cent of the corresponding 


Valueswat =25 °C: 


From extensive studies on the uptake of growth regulators by 
excised plant segments, Blackman and his colleagues (74, 138, 164, 
165, 166) concluded that the pattern of uptake of a growth regulator 
as dependent on plant species and, for a particular species, is related 
to chemical structure which in turn determines physiological activity. 
For example; "the rates of uptakewor phenoxyacetic acid@and  benzoie*acid 
compounds that have strong auxin properties, such as 2,4-D, 2,4,5-T, 
and TCBA (2,3,6-trichlorobenzoic acid) ,is high initially but subsequently 
falls markedly, and for some species it may become negative so that a 
net loss of the growth regulator to the medium ensues. This was referred 
‘to as 'Type 1 accumulation’ (138) and is considered an unstable mechanism 
of accumulation (165). Venis and Blackman (165) presented evidence 
that the quaternary ammonium groups associated with the phosphatide 
components of cellular membranes provide cationic sftes suitable for 
eletrostatic interaction with the anion of the growth regulator. Venis 
and Blackman (165) further suggested that the unstable nature of this 
accumulation mechanism is due to enzymatic degradation of 
phosphatidylcholine by phospholipase D. Such degradation destroys 


the effectiveness of the choline quaternary ammonium groups as a binding 


site. 
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Very little work has been reported on the uptake of picloram 
by excised plant tissues. Baur and Bovey (16) and Swanson and Baur 
(154) suggested that the uptake of picloram by potato tuber discs 
occurs in part via an unstable accumulation mechanism similar to that 
proposed by Venis and Blackman (165, 166) for other auxinic herbicides. 
Although inhibitor studies are needed to characterize further the 
nature of picloram uptake, from the experiments of Swanson and Baur 
(154) it appears that there is both a strong physical diffusion com- 


ponent and an associated metabolic component to uptake. 
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After many years of work with radioactive herbicides, Crafts 
and Yamaguchi (42) concluded that systemic distribution of foliage- 
applied phloem-mobile compounds follows the way of assimilate transloca- 
tion. The consistent bypassing of mature leaves, the high concentration 
in young growing shoot tips, root tips, and intercalary meristems, 
and the reversibility of flow brought about by proper manipulation, 


are interpreted as indication of a mass-flow type of mechanism (42). 


Herbicides can be divided into several categories on the basis 
of translocation characteristics (88): (a) those that move slightly 
ffeatealle. eso. 018 and oll-soluble esters 0f 725 4-) and 274 )5-1, -diquat; 
(b) those that are translocated in the symplast primarily, e.g. the 
acid and salt forms of 2,4-D and 2,4,5-T; (c) those that are trans- 


located in the apoplast only, e.g. fenuron, and other substituted ureas 


and symmetrical triazines; (d) those that move in both the symplast 
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and apoplast, e.g. amitrole, maleic hydrazide. Symplastic movement 

is of greatest importance following leaf application, while apoplastic 
movement is of greatest importance following root application. Compounds 
possessing the ability to move in both the symplast and the ah should 


have great potential as herbicides. 


Limited available information suggests that picloram is 
translocated readily in plants. Picloram was originally characterized 
as comparable to 2,4-D and 2,4,5-T in absorption and translocation 
by plants (63). However, later studies in field bindweed (2,3) and 
bean (131) showed that movement of picloram is greater than that of 
2,4-D. Bovey et al. (24) reported that most of the picloram applied 
to foliage of huisache(Acacta farnestana (L) Willd.) was found in and 
on the leaves 30 days after treatment, and that a period of 24 hours 
was required to move lethal amounts of picloram into stem and root 
tissues. A similar period of root exposure to picloram solution was 
required to kill 20-day old seedlings of huisache and honey mesquite 
(Prosopis jultflora L.) (15). Reid and Hurtt (131) observed that 
translocation of Le cearehovan from roots to apical parts of beans was 
very rapid and that the herbicide was accumulated preferentially in 
the terminal bud and first trifoliolate leaflets. Véry little picloram 
was transported to the primary leaves and only at longer treatment 
periods. Hurtt and Foy (72) provided evidence that picloram was foliarly- 
absorbed, phloem-translocated, and excreted from the roots to the 


surrounding medium by picloram-treated bean plants. 


Canada thistle foliage and roots readily absorbed picloram, 
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after which it was translocated by both phloem and xylem (146). Picloram 
tended to accumulate in young, growing leaves following both foliar 

and root uptake. After foliage application, small amounts of picloram 
were exuded by the roots into the surrounding soil, and it alee moved 


readily through connecting creeping roots from one shoot to another. 


III. Herbicide Metabolism in Plants 


It is known that plants have the ability to detoxify certain 
exogenously applied compounds through metabolic activity (78). It 
now has been demonstrated that decomposition of herbicides by metabolic 
processes is of importance in the selective action of a number of these 
chemicals and in determining the amount of residue that may be left on 


crops harvested for human utilization (33, 57, 78). 


The fate of herbicides in plants has been reviewed by a number 
Of authors in recent. years (25, 9/7, 78, 153). In general, four major 
pathways are involved in herbicidal metabolism, i.e. conjugation, 
oxidation, reduction, and hydrolysis. As indicated by Freed and 
Montgomery (57), "While a given metabolic path may predominate for a 
particular compound, it is quite common for any one or more of the 
detoxification mechanisms to be simultaneously ee ah Thus, while 
a compound may undergo eee ee eeu ten principally, it may be 


found that a portion of the administered drug will simultaneously be 


undergoing conjugation, reduction or hydrolysis". 


In most instances, the metabolism of herbicides in plants 


is considered to be an inactivation or detoxification process. There 
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are some chemicals, however, which are initially inactive but are rendered 
phytotoxic by the metabolic action of the treated plant. The beta- 
oxidation of 4-(2,4-dichlorophenoxy)butyric acid to 2,4-D is a classi- 
cal example. Another example is the production in the plant of wepane 

free radicals from the bipyridilium quaternary salts known as diquat 


and paraquat (25). 


Compared to other herbicides such as the phenoxy acids, the 
triazines, the substituted carbamates, and the benzoic acid derivatives, 
very little information is available on the fate of picloram in plants. 
Meikle et al. (107) reported that the major portion of picloram applied 
LOSCOLLONe plants) could bev extracted unchanged= Only 3eper scent of the 
total extractable radioactivity was associated with insoluble protein. 
This radioactivity was liberated from the protein on acid hydrolysis 
and was identified as unaltered picloram. The rate of eT, evolution 
from SC ont laren by cotton plants over a period of 15 days was 
negligible. Redmann et al. (128) found small amounts of oxalic acid, 
4~amino-3 ,5-dichloro-6-hydroxypicolinic acid, and 4-amino-2,3,5- 
trichloropyridine as metabolites of picloram in wheat plants 90 days 
after treatment with the herbicide. In short term experiments, lasting 


14 ‘ 
up to 24 hours, only unaltered picloram was obtained from C-picloram- 


treated pea roots (143) and bean’ petioles and pea stem sections (70 )% 
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MATERIALS AND METHODS 
Ave Mateisaalls 
iL) Chemicals 


The herbicide used in the experiments described was a commercial 
formulation of the potassium salt of picloram (4-amino-3,5,6- 
trichloropicolinic acid) (Tordon 22 K*). The radioactive picloram 
Gaeapel aren) used was labeled with carbon-14 in the carboxyl group 
with a specific activity of 1.03 mCi/m mole and was obtained as a gift 
from DowsChemi cal. Coss. Incnagyihe potassium Salt tof be alana was 
prepared by mixing together appropriate quantities of labeled picloram 

14 


and Tordon 22K blank formulation (supplied with VA erodes: Ba CO, 


(specific activity: 50.2 mCi/m mole) was obtained from the Radiochemical 


: 14 
Center. Peeadeine c= 6 or iphocphicennates tetrasodium salt, ( G-S—AIP, 


specitite activity: 41.9 mCi/m mole) and PC oneT enone (specific 
activity: 260 mCi/m mole), and hyamine hydroxide were obtained from 
New England Nuclear Corporation. Other chemicals were generally of the 
highest purity available and from the following sources: actinomycin 
D, adenosine-5'-triphosphate (disodium salt), bovine’ serum albumin, 


L-leucine, puromycin dihydrochloride, gibberellic acid (K-salt), 


ribonucleic acid (reagent grade) and orcinol (3,5-dihydroxytoluene) 


Trade mark of Dow Chemical Co., Inc. 
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from Nutritional Biochemicals Corporation; cycloheximide from Aldrich 
Chemical Co., Inc., streptomycin sulfate from Merck and Sharps Co Adi 
other chemicals were obtained as reagent grade from Fisher scientific 
Co. Ltd. All water used for preparing solutions was double distilled 


deionized unless specified otherwise. 


Hike JPileyye IMleieeSresteil 


Plants used were Canada thistle (Cirstum arvense (L.) Scop.), 
soybean (Glycine max (L.) Merr. cultivar Harosoy 63), barley (Hordeum 
vulgare L. cultivar Parkland), and corn (Zea mays L., cultivar Morden 
77). Soybean seed was obtained as a gift from Harrow Research Station, 
Harrow, Ontario. Corn seed was purchased from Robertson Seeds Ltd., 


Edmonton. 


Canada thistle plants were vegetatively propagated from a 
single plant. Individual plants were grown from creeping root sections 
about 8 cm long. The plants were grown in 15-cm plastic pots containing 
a 3:2:1 mixture of Malmo clay loam, sand, and peat, in a growth chamber 
at 23°C, with 16-hour light and 50-60% relative humidity unless specified 
otherwise. Light intensity at plant level was 10760 lux from a mixture 
of fluorescent and incandescent lamps. Soybean,barley, and corn plants 
were grown from seed which was previously dusted with the fungicide 
Orthocide* (N-trichloromethylthiotetrahydrophthalimide). Growing 
conditions were the same as those described for Canada thistle, except 


-~_— sr vxXxKXKXK\CO—KKK 


Trade mark of Chevron Chemical Co. 
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that the light intensity at plant level was 17220 lux. For 1460 = 


Z 
fixation and photosynthate translocation studies only, soybean and corn 


plants were grown in a 1:1 mixture of sand and vermiculite supplemented 


with a complete fertilizer. 


For isolated tissue studies soybean and barley seeds were 
soaked in water for 2-3 hours and then germinated in the dark at 25°C 
in a germination cabinet. Soybean and barley seeds were planted in 
vermiculite and between layers of paper towels, respectively, in 35.5 x 
23 cm plastic trays and irrigated with jon M CaCl, solution. After 


60 hr the paper towels were removed from the barley seeds and the 


seedlings were allowed to grow for another 24 hr. 


B2=+Comparison or Plant Susteptab2igty to Picleram 


The sensitivity to picloram of Canada thistle, soybean, and 
barley was determined by foliar application of the potassium salt of 
the herbicide. Greenhouse-grown (in June-July with approximately 
16 hr sunlight at 75°F) 5-week-old Canada thistle and 12-day-old soybean 
and barley plants were sprayed with different concentrations of picloram 
with a cabinet sprayer. The rates of application varied from 0.063 
to 8 oz/A (ounces per acre) for soybean, 0.25 to 32 oz/A for Canada 
thistle, and 1 to 64 oz/A for barley. All the spray treatments were 
applied in 10 gal/A of water. Subsequently, the plants were kept in 
the greenhouse for observation. Two weeks after treatment the above- 


ground parts of the plants were harvested, oven dried, and weighed. 
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G.  0,-Fixation Studies 


Ib Light-Fixation 


Uniform 5-week-old Canada thistle and 10-day~old soybean and 
corn plants were transferred to one-half strength Eliasson nutrient 
solution (47). After a 2-day acclimatization period, two plants of 
each species were transferred to 100 ml of nutrient solution containing 
1, 10, or 20 yg/ml of the potassium salt of picloram. Two other plants 
were used as controls and were transferred to 100 ml of fresh nutrient 
solution without herbicide. All plants were kept in the light for 


24 nee 


For *0,-fixation two full-grown leaves per treatment were 
selected at random, outlined on paper to measure leaf area, excised 
under water, and placed in 25-ml beakers with deionized water. The 
beakers were transferred to a specially constructed photosynthesis 
chamber, a 4-litre glass container sealed with a glass cover, and 
conditioned for 10) minutes ander reduced) light. ne, was generated 
in the chamber by the slow addition of 10 per cent aqueous lactic 
acid from a hypodermic syringe to 3.90 mg Ba’ "CO. The leaves were 
allowed to fix carbon for 30 minutes at 23 £ 0.5°C under 10220 lux of 
fluorescent light at leaf level. At the end of 30 minutes each leaf 


was removed from the photosynthesis chamber and dropped into 100 ml 


boiling 80 per cent ethanol. 
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II. Dark-Fixation 


For dark-fixation of oy the nutrient solutions containing 
picloram were discarded and replaced with fresh nutrient solution 
after 24 hr in light. Two full-grown leaves were chosen at randon, 
marked, and outlined on paper to measure leaf area. After these 
preparations the plants were placed in darkness for 24 hr. The marked 
leaves then were excised under a dim red light, exposed to **c0, for 1 


hr in total darkness at 20°C, in the manner described above, and killed 


in boiling 80 per cent ethanol. 


III. Extraction and Sample Preparation 


The leaves obtained after “*c0,-fixation were homogenized in 
80 per cent ethanol in a Waring blender. The homogenate was filtered 
quantitatively through Whatman No. 1 filter paper in a Buchner funnel 
and made to a final volume of 250 ml with 80 per cent ethanol. Aliquots 
of 0.5 ml were used for radioactivity determinations. The amount of 
carbon fixed per experimental period per square centimeter of leaf 


surface was then calculated from the radioactivity measurements. 


: 14 Hae 
IV. Chromatographic Separation of C-Assimilates 


The distribution of radioactivity among different compounds 
after *c0,,-£ixation was determined by the method of Bassham and 
Calvin (14). The ethanol extracts were concentrated under reduced 


pressure at about 40°C. The resulting material was dissolved in deionized 


water and extracted three times with petroleum ether. The aqueous layer 
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ee 
was concentrated under vacuum and the contents were made to 2 ml in 
5 


2S OM K HPO, = KH, PO, solution (this small quantity of added 


phosphate improves the subsequent chromatography (14)). 


Sheets of Whatman No. 3 filter paper, 40 x 50 cm, were used 
for paper chromatography. A small amount of the extract, containing 
a known amount of radioactivity, was applied to an area of 4 x 10 mm 
at a distance of 6 cm from two edges of the paper and with the long 
axiseoretne area Of application= (eriein) parallel! tothe shore axis 
orethespaper. “Drying of the vextract was’ facilitated by a stream of 
warm air. The chromatograms were placed in the chromatography tank for 
four hours’ saturation and then were developed two-dimensionally in a 
descending manner. The solvent used in the first dimension was made up 
of 72 per cent liquid phenol (90 per cent) and 28 per cent water (v/v). 
After drying in air the chromatogram was developed in the second dimen- 
sion using a solvent system made up by mixing equal parts of a mixture 
of n-butanol (1246 ml) + water (84 ml) and a solution of propionic acid 
(620 ml) + water (790 ml). The developed paper chromatograms were air- 
dried and exposed to Ilford No-Screen X-ray film for two weeks. Films 
were developed in Ansco Liquadol developer for four minutes and fixed 
for ten minutes or longer in Kodak fixer. Spots containing labeled 
compounds were cut from the chromatograms and left overnight in 
scintillation vials with scintillation fluid before counting. Their 


relative activities then were determined in a liquid scintillation 
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V. Identification of Radioactive Compounds 


Radioactive compounds were identified by conventional 
chromatographic techniques (14, 22). Spots containing labeled compounds 
were eluted from the paper chromatograms and chromatographed separately 
on filter paper strips (4 cm wide) using phenol:water and butanol: 
propionic acid:water as solvents (concentrations as before, section 
C-IV). Reference compounds were chromatographed at the same time. 
Visualization of the non-radioactive reference compounds on the 


chromatograms was done with color developing agents (22) as follows: 
Amino acids: 0.3 per cent ninhydrin in 95 per cent ethanol. 


Organic acids: 1 g aniline and 1 g xylose dissolved in a minimal 
amount of water and made to 100 ml with methanol. After 
Spraying the chromatograms were dried at room temperature and 


heated to, 105°C for 30 minutes. 


Sugars: 0.25 ¢ benzidine, 5 ml slacial jacetic acid, and 5 ml trichlaro= 
acetic acid made to 50 ml with 95 per cent ethanol. After 


spraying chromatograms were heated to 100°C. 


D. Liquid Scintillation Counting 


All the quantitative determinations of radioactivity were done 
in a Nuclear Chicago Mark I liquid scintillation spectrometer. The 
scintillation fluid used was prepared by dissolving 120 g naphthalene, 

6 g 2,5-diphenyloxazol (PPO), and 0.5 g 1,4-bis-2-(5-phenyloxazolyl)- 


benzene (POPOP) in 1,4-dioxane to make up one litre. The samples usually 
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were counted in 15 ml of this solution at 86°C. 


Counting efficiency was determined by the external standard 
method (168). Standard quenching curves were prepared by counting a 
series of differently quenched samples, containing a known amount of 
14 ‘ 

C, in two channels set to monitor different portions of the energy 
spectrum. The channels ratio of the external standard counts then was 
plotted against the observed counting efficiency to get the quenching 
curve. One such curve is shown in Figure 1. The quenching agents 
used in the standard cuve preparation were extracts of untreated plants, 
tissue homogenate, ethanol or water, depending on the nature of the 
samples to be counted. From the appropriate standard curve, the 


counting efficiency for each sample was determined and the observed 


radioactivity in cpm then was converted to dpm. 
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For studies on translocation of labeled photosynthate, Canada 
thistle, soybean, and corn plants were transferred to 100 ml nutrient 
Soducvon concainine 0, 1, or 10 wg/ml picloran. Aiter 24 hr they were 
exposed, three plants at a time (one for each concentration) , LOLUeo 
mCi of Pah in a polyethylene bag under the conditions described 
€arlier for light-fixation studies (section C-I). Exposure time was 
10 minutes. Duplicate plants were used for each treatment. After 


1400 exposure, plants were transferred to fresh nutrient solution 


2 


without picloram and returned to the growth chamber for 0, 4, or 24 hr 


to permit translocation of the labeled photosynthate. Distribution of 
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Figure 1. One of the quenching curves used for carbon-14 assay in Nuclear 
Chicago Mark I liquid scintillation spectrometer. Samples 
quenched with ethanol extracts of untreated Canada thistle 
plants. Efficiencies determined using ‘NaHCO, Standard. 
Counting time 20 minutes; temperature 8°C. Discriminator 
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radioactivity in the plants was determined by autoradiography as 
described by Crafts and Yamaguchi (42). After harvesting, plants 
were freeze-killed with crushed dry ice, and freeze-dried. The drying 
process was completed in about two weeks. The dried plant materials 
were humidified, mounted and flattened, and then autoradiographed using 
Ilford or Kodak No-Screen X-ray films. Exposure time was one week. To 
check possible artifacts, untreated plants were exposed to X-ray films 


in a similar way. 


Po Chlorophyll, RNA, and Protein Content of Intact Plants 
I. Treatment of Plants 


Pots with uniform 5-week-old Canada thistle (1 plant/pot) and 
10-day-old soybean (6 plants/pot) and barley (15 plants/pot) were 
sprayed with 2 ml 0,01 M phosphate buffer (pH 6.0) containing 250 g/ml 
picloram and 0.5 per cent Atlox 210* (a nonionic blended surfactant) 
with a small hand atomizer. Similar plants sprayed with phosphate 
butter and Atlox 210, without picioram, were used as controls.  Iwe 
replications were used for each treatment and two pots made up one 
replication. The eee including the apex (in soybean and Canada 
thistle) were harvested 1 or 3 days after spraying and were washed 
thoroughly in deionized water. The plant material was freeze-dried, 


ground in a Wiley mill to pass through a 60 mesh screen, and stored in 


a desiecator at -20° € until analyzed. 


* 


Trade mark of Atlas Chemical Industries, Inc. 
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Il. Extraction and Sample Preparation 


a. Chlorophyll 


Approximately 0.5 g dry plant material was ground in 80 
per cent acetone with fine sand as an abrasive using a mortar and 
pestle. The suspension was transferred to a Buchner funnel and filtered 
through a double layer of Whatman No. 1 filter paper. The samples 
were made to an appropriate volume and an aliquot was used immediately 


to measure the chlorophyll concentration. 


De eNAwand Protein 


For extraction of RNA and protein approximately 1 ¢ dry plant 
material was homogenized with ice-cold 0.1 M Tris-HCl buffer (pH 7.4) ~ 
in a glass homogenizer with a power driven teflon pestle. The slurry 
was squeezed through 6 layers of cheese cloth. The cleared homogenate 
was divided into two equal portions and transferred to 50 ml polyethylene 
centrifuge tubes. RNA from one aliquot of the homogenate was isolated 
by a modified Smillie and Krotkov (150) method as described by Key and 
Shannon (88). The homogenate was mixed with equal volumes of cold 
O2baNe perchloric acid (HC10,). After standing ate?“ «CG fom Wenreor 
more, the precipitate was sedimented by centrifuging at 15000 x g for 
15 minutes in a Sorvall SS-3 centrifuge. Ail above steps including 
centrifugation were carried out at 2 to 4° C. The resulting pellet was 
washed in 5 ml of 0.2 N perchloric acid and recentrifuged. The washed 
pellet was extracted twice with 5 ml portions of 2:2:1 ethanol:ether: 


chloroform at 37° C for 30 minutes to remove lipids. RNA in the pellet 
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was hydrolyzed in 0.3 N KOH at 37° C for 18 hr. After chilling, 
perchloric acid was added to a final concentration of about 0.3 N 


followed by centrifugation to remove the KC10, precipitate, protein, 


4 
and DNA. The samples were then made to an appropriate volume with 


Tris-HCl buffer and an aliquot was used to measure the RNA concentration. 


Protein in the other aliquot of the homogenate was precipitated 
with ice cold trichloroacetic acid (TCA) with a final concentration of 
10 per cent. The precipitate was collected by centrifugation as described 
above for RNA. The resulting pellet was washed once with 5 per cent 
TCA by resuspension and resedimentation, and decolorized and defatted 
by extracting three times with acetone. The precipitate was then 
dissolved in a small volume of 1 N NaOH, made to an appropriate volume 
with Tris-HCl buffer and an aliquot was used to measure the protein 


concentration. 


Til. Measurement 


All optical density measurements were carried out in a Bausch 


and Lomb Spectronic 20 spectrophotometer. 


a. Chlorophyll 


The optical density of the extracts was measured at 652 
mu. The chlorophyll concentration was calculated by using the following 


equation given by Bruinsma (27). 
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where Sows = Total chlorophyll (atb) concentration in mg/ml. 


Agso = Absorbance or optical density at 652 mp. 


b. RNA 


RNA in the samples was determined by the colorimetric procedure 
of Dische (44). To 1.5 ml of sample solution 3.0 ml of orcinol reagent 
was added. The reagent was prepared by dissolving 100 mg of FeCl, 
6H,,0 ane LO05misot conc. HCL (sp. er.l.19), and adding 355 miler a 
6 per cent solution of orcinol in ethanol. The reaction mixture, in 
test tubes, was heated in a boiling water bath for 30 minutes, and then 
cooled in running tap water. The optical densities of. the solutions 


at 665 mu were determined against a blank consisting of 0.1 M Tris-HCl 


DpUurrem (pi /.4). 


A standard curve was prepared from a series of known concen- 
trations of RNA by using the above procedure. Each point on the 


Standard curve (Figure 2) is an average of three determinations. 


(OG - IPieeyeculia 


Protein concentration was determined by the method of Lowry 
et al. (99). To test tubes containing a 1.0 ml aliquot of the sample 
solution was added 5 ml of a mixture of 1.0 ml of 0.5 per cent CuSO, 
5H,0 in 1 per cent potassium tartrate + 50 ml of 2 per cent Na, CO, in 
0.1 N NaOH, and after 10 minutes 0.5 ml of aqueous Folin-phenol 


(1:1, v/v) was added. The intensity of the blue color, developed after 


an incubation of 30 minutes at room temperature, was measured at 630 
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Figure 2. Standard curve for RNA determination. RNA was estimated by 
the procedure of Dische (44). RNA concentration is expressed 


as wg per ml. 


Absorbance at 665 mu 


et 


PSE a ee RE Dee ae A ee ead ee eee LE RISE ETE RCPS SE ITS IW AN EER Fie Oe DE PT SP ee ed en ee ed ae Me Lae 


serra 


peer eeees 


res a 


Qe PEPER iT ear IE 


25 50 75 100 «6125 «©1150 ) «6175 = =6200 


ug RNA 


ai Standard Pa e fxr © 
Ti ‘ the Pitta th Leas (a4) PA wait cateats$on tes 
: : ; 
i 


a’ Va par an 


- 39 - 


mu. Quantitative estimation of protein was obtained from'a standard 


curve (Figure 3) prepared in a similar manner by using bovine serum 


albumin. 


G. RNA and Protein Biosynthesis by Excised Plant Tissues 
I. Tissue Preparation 


Soybean hypocotyl and barley coleoptile sections, 13 mm in 
length, were excised from the elongating zone (5 mm below the hook 
of soybean hypocotyl and the tip of barley coleoptile) of 3 1/2-day-old 
dark grown seedlings. Barley leaf sections (13 mm in length) were 
excised from 10-day-old seedlings grown in growth chamber. Leaf discs, 
14 mm in diameter, were punched with a cork borer from fully expanded 
leaves of 5-week-old Canada thistle plants. All excised sections were 


maintained in ice-cold distilled water for 1/2 hr before incubation. 


il, ‘Tinretiogverterm 


Twelve soybean hypocotyl or thirty barley coleoptile sections, 
with a total weight of approximately 0.5 g, were incubated in 5 ml 
solution in 50 ml Erlenmeyer flasks on a water bath shaker in total 
darkness at 25°C. Sterilized buffer solutions and glassware were used 
in all incubation experiments. The incubation medium consisted of 0.01 M 
phosphate buffer (pH 6.0) with 1 per cent sucrose and 20 ug/ml strepto- 
mycin sulfate. Picloram concentration was 0, 10, 100, or 500 ug/ml. 


ee eacine ate 0.05 1C1/ml vand 14 0 9-ATP at 0.1 wCi/ml were included in 


the incubation medium. 
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Figures3.. Standard’ curves for protein determination. Protein was 
estimated by the procedure of Lowry et al. (99) using bovine 
serum albumin. Protein concentration is expressed as ug 
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Incorporation of a labeled nucleotide into RNA and of a labeled 
amino acid into a polypeptide chain has been widely used to measure 
and study de novo RNA and protein synthesis in a VATLEty Ofap lant 
tissues. Many investigators (82, 84, 102, 111) have used 14 O_ATP and 


C-leucine extensively for RNA and protein synthesis studies. 


In excised tissue studies, streptomycin sulfate (20 yg/ml) was 
used to control bacterial growth. Streptomycin at a concentration 
(20 ug/ml) used in these experiments has been reported to control 
bacterial growth without seriously affecting precursor incorporation 


into RNA and protein of higher plant tissues (65, 81, 82, 133). 


Fifteen Canada thistle discs or thirty barley leaf sections 
were incubated in 30 ml of the above incubation medium in petri dishes 


ata oe el Grunder 10220 dus of fluorescent light. 


Three replications for each treatment were used in all 
excised tissue studies. After the desired periods of incubation, 
ranging from 1 to 24 hr, the sections were thoroughly washed for three 
minutes in running tap water and then for 1 minute in distilled water. 


Sections were blotted dry, weighed, and immediately frozen at -20°C. 


ILL. *#Extraction and Sample Preparation 


Frozen tissue was ground at 2-4° C in a glass homogenizer 
with a power-driven teflon pestle. The grinding medium consisted of 
0.1 M Tris-HCl buffer (pH 7.4) with 0.2 mg/ml unlabeled ATP or L-leucine. 


RNA or protein in the filtered homogenate was extracted as outlined in 
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section F-II and the concentration and/or radioactivity was determined. 
The supernatant remaining after RNA or protein extraction was saved 

for radioactivity determination. When the tissue, following incubation, 
was to be separated into particulate and soluble fractions, sections 
were ground in a pre-chilled mortar and pestle in the above grinding 
medium which, in addition, contained 0.33 M sucrose and 0.02 M MgCl,. 
Particulate and soluble fractions were separated by centrifuging at 
20000 x g for 30 minutes. The pellet thus obtained was washed twice 
with small volumes of the grinding medium, recentrifuged each time and 


the washings added to the soluble fraction. RNA and protein from each 


fraction were then extracted and their radioactivity was determined. 


IV. Radioactivity Measurement 


Radioactivity in 0.5 ml aliquots of RNA, protein, and super- 
natant fractions was measured by liquid scintillation counting (section 
14 14 ; err? : : F 
D). Uptake! of C-8-ATP and C-leucine and their incorporation into 


RNA and protein, respectively, were calculated as dpm/g fresh weight 


of tissue. 


u me ; 
H. Uptake and Subcellular Distribution of toopi elon by Excised 


Plant Tissues 
I. Uptake 


Soybean hypocotyls, barley coleoptiles, barley leaf sections, 
and Canada thistle leaf discs were prepared and incubated in a manner 


’ similar to that described in section G-I and G-II. Incubation was 
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carried out in 0.01 M phosphate buffer (pH 6.0) containing 10 yg/ml 
streptomycin sulfate and 0.05 uCi/ml ie Sal oO. After the desired 
periods of incubation, the sections were washed thoroughly in distilled 
water, blotted dry, and immediately homogenized in acetone in a glass 
homogenizer with a power-driven teflon pestle. The suspension was 
quantitatively transferred to scintillation vials and the excess 

acetone evaporated in a warm air stream from a hair drier. The radio- 
activity of each sample was determined in a liquid scintillation counter 


(section D). 
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Plant tissue sections were incubated with de coiie lomais as 
described above for uptake. After 8 hr of incubation the sections 
were washed in distilled water, blotted dry, and frozen at -20°C. 
The frozen material was ground with ice cold 0.1 M Tris-HCl buffer 


(pH 7.4) containing 0.33 M sucrose 40.02 M MgCl,,, in a pre-chilled 


DD 


mortar and pestle. The slurry was squeezed through six layers of cheese 


cloth and subjected to differential centrifugation as follows. 
250 eo Orme -aNUGL Cirle (leaf tissue). 


4500 x *¢\forn40 ming = Chlonopiast=nich (leaf tissue) 


or nuclei-rich (hypocotyl or coleoptile). 
20000 x ¢ for 30 min. - mitochondria-rich. 
supernatant - soluble fraction. 


Each time after centrifugation the pellet was washed twice in a small 
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volume of grinding medium, and recentrifuged, and the washings were 
added to the subsequent fraction. Each fraction was made to an appropriate 
volume and 0.5 ml aliquots were used for radioactivity determination by 


liquid scintillation counting. 
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I. Autoradiography 


Autoradiographic studies of picloram translocation in plants 
following foliar or root application were carried out by the method 


described by Crafts and Yamaguchi (42). 


Uniform 5-week-old Canada thistle and 12-day-old soybean and 
barley splants were treated with the herbicide by placing 10 jh oF 
bee tae solution in 50 per cent ethanol on the upper surface of a 
full-grown leaf. Each droplet was applied in a small lanolin ring on 
the midrib in the center of each leaf. The dose of picloram was 0.1 
uCi (approximately 23.5 wg). The treatment was applied in the green- 
house and treated plants were kept there until they were harvested, 2 
hr.to. 4 days later. At the end of the treatment periods the treated 
spots were covered with a piece of masking tape to prevent radio- 
contamination. Duplicate plants for each treatment were harvested, 


freeze-dried, and autoradiographed as described in section E. The plants 


were exposed to X-ray film for two weeks. 


When translocation of picloram following root absorption was 


studied, the plants were grown in soil and transferred three days 
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before treatment to one-half strength Eliasson nutrient solution (47) 

in glass containers wrapped with aluminum foil. For treatment the plants 
were further transferred to 250-ml beakers containing 100 ml nutrient 
solution with 0.4 uCi of Eee elae ee (concentration 0.94 ug/ml). After 
1 hr to 4 days the roots of the plants were rinsed under running tap 
water for 3 minutes. Freeze-killing, drying, and autoradiography 

were carried out following the procedure outlined in section E, except 


that the X-ray film exposure time was four weeks for all plants. 


Ii. Quantitative Determination 


For quantitative determination of Cpl ee ean distribution 
Canada thistle, soybean, and barley plants were foliarly treated with 
Lice Tete Sanwen the same way as described above for autoradiography. 
Four (Canada thistle) or six (soybean or barley) plants made up one 
replicate and two replicates were used in each treatment. At harvest, 
1 to 20 days after treatment,the residue of ecomicloean on the surface 
of the treated leaf was washed off with 20 ml of 50 per cent ethanol. 


The plants were separated into different parts which were stored at 


-20° C until they were extracted. 


The plant parts were ground in 95 per cent ethanol in a Waring 
blender. The ground materials were kept at room temperature for 12 hr 
or longer, and then were filtered through Whatman No. 1] filter paper Lita 
Buchner funnel. The residues were extracted again in ethanol overnight. 
The first and second extracts were combined and concentrated under reduced 


“pressure, at 40, — 45 C until nearly dry and then were made up to 5 ml 
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with 95 per cent ethanol. An aliquot of 0.25 ml from this extract 
was used for determination of radioactivity by liquid scintillation 


counting. 


J. Metabolism a ae 
I. Extraction and Sample Preparation 
25 lpwcigeal Pilamye Wiecuwes 


Soybean hypocotyls, barley coleoptiles, barley leaf sections, 
F : : eka , 
and Canada thistle leaf discs were incubated in Cepichoram ifor wi tor 
3 days in the manner described in Section H-I. After incubation the 
sections were washed in distilled water and ground in 95 per cent ethanol 
in a glass homogenizer. The homogenate was filtered, concentrated under 


vacuum, and made up to 2 ml with 95 per cent ethanol. 


For quantitative determination of eG raasloarary bound to the 
macromolecules, excised barley leaf sections and Canada thistle leaf 
discs after incubation in Moe tl pont (in the manner described in 
Section H-I ) were homogenized in a mixture of equal volumes of ice cold 
95 per cent ethanol, 90 per cent phenol, and 20 per cent TCA as described 
by Nooden (117) using 2 ml per gram of tissue. After standing at 
2-4° CG for 1 hr or more the precipitate was collected by centrifugation 
and the pellet was washed twice in the above mixture. The washed 
pellet Pt dissolved in a enn id volume of 0.1 M Tris-HCl buffer (pH 7.4), 
made up to an appropriate volume, and a 0.5 ml aliquot was used for 


radioactivity determination by liquid scintillation counting. 
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D. “intact Plants 


The plant extracts prepared for quantitative determination of 
distribution of enter es (section I-II) were also used for degrada- 
tion studies. The concentrated plant extracts frequently were too 
sticky for chromatographic analysis. The crude extracts were purified, 
therefore, on a florisil column (4°x.25 cm) according to, the method of 
Chang and Vanden Born (32). The extract was evaporated to a small 
volume, rinsed into the colum with chloroform, washed with 200 ml 
chloroform and 400 ml diethyl ether, and dried by drawing air through 
the column. The radioactivity then was eluted from the column with 
500 ml 95 per cent ethanol. More than 98 per cent of the radioactivity 
was in the ethanol eluate. The ethanol eluate was concentrated again 


by evaporating, and part of it was used for chromatographic analysis. 


Since picloram or its metabolites may form conjugates with 
plant constituents (107, 128), the purified extracts were hydrolyzed 
before identification of the metabolites was carried out. The alcohol 
in the extract was evaporated and the residue was hydrolyzed with 4N 
hydrochloric acid for 4 hr on a steam bath. After hydrolysis water 
was added to bring samples to an appropriate volume and their pH was 
adqusted gto ./..0 for urthner analysis by paper and thin-layer 


chromatography. 


II. Chromatography 


For paper chromatography Whatman No. 1 paper was used and 


for thin-layer chromatography glass plates coated with silica gel GF, 
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The solvents used were (a) n-butanol:ammonium hydroxide (28 per cent): 
water (8:1:1), (b) benzene:propionic acid:water (2:2:1), (c) phenol 
(90 per cent):water (72:28), and (d) n-butanol:ethanol (95 per cent): 
water (2:2:1). Solvents (a) and (d) resulted in the best separation 


both in paper and thin-layer chromatography. 


For paper chromatography a small amount of the extract, 
containing a known amount of radioactivity, was applied as a band on 
a 4-cm strip of chromatography paper and dried in a stream of warm 
air. The chromatograms were placed in the chromatography tank for three 
hours’ saturation and then were developed descendingly until the solvent 
front had advanced 30 cm. Radioactive regions of the chromatograms 
were detected using a Nuclear Chicago Actigraph III Radiochromatograph 
Scanner. Autoradiograms were also made on Ilford or Kodak No-screen 
X-ray film. Exposure time varied with activity level. When more 
accurate quantitative information was desired, the radioactive zones 
on the chromatograms, located by reference to the autoradiograms or the 
scanning results, were cut out and the activity on the paper pieces was 


assayed in a liquid scintillation counter. 


For thin-layer chromatography, 0.25 mm layers of silica gel 
GF were prepared on 20-cm square glass plates with the Desaga coating 
apparatus, as described by Stahl (151). In order to obtain uniform 
coating, the glass plates were thoroughly scrubbed with a scouring 
powder such as 'Ajax', and then thoroughly brushed under running water, 


rinsed clean with distilled water, and dried. For five plates, 25 g 


silica gel was mixed with 50 ml distilled water by vigorous shaking 
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for 30 to 45 seconds in a stoppered conical flask (250 ml). The slurry 
was then transferred immediately to the coating apparatus. The coated 
plates were air-dried overnight, activated in an oven at 110°C for 30 
minutes, and stored in a desiccated plate cabinet until aeea Plant 
extracts, 20 to 40 yl depending on the radioactivity, were spotted on 

the plates with a hypodermic syringe, and dried in a warm air flow from 
a hair drier. Samples of authentic Cen ciate were also spotted on 

the plates. The plates were developed ascendingly for 10 to 12 cm from 
the origin in a Desaga developing chamber pre-saturated with solvent, 

and then dried in air. Localization of the radioactive spots was done 

by autoradiography. For quantitative determination the radioactive spots 
were carefully scraped from the plates, transferred to scintillation 
vials, and their activity was determined by liquid scintillation counting. 


Til. Detection of 80, 


Decarboxylation of i? epic cian in Canada thistle, soybean, 
and barley plants was studied by determining the rate of cos liberation 
from treated plants by the method described by Chow et al. (35). ‘Two 
plants of Canada thistle or four plants of soybean or barley, each 
treated with 0.1 wCi of Eigen eran by foliar application (similar to 
that described for translocation of EAC op ee tore section I-I), were 
placed in a sealed chamber made from heavy black polyethylene or in a 
bell-jar wrapped with aluminum foil. The bottom of the jar was sealed 
to a plastic plate with vaseline. The polyethylene chamber and the 


bell-jar each contained two strips of filter paper (25 x4 cm) impree= 


nated with hydroxide of hyamine (p-1l diisobutylcresoxyethoxyethy1)- 
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dimethylbenzylammonium hydroxide). The = {at collected on each paper 
Strip was counted in a/jliquid scintillation counter.” In order to 
minimize artifact effects from starvation of the plants, the plants 


were replaced with a new set after each two-day period (the used plants 


were never used again). 
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RESULTS 
A. Susceptibility of Soybean, Canada thistle, and Barley to Picloram 


Stem bending and curling and rolling of leaves in soybean and 
Canada thistle were visible 24 hr after foliage application of picloram 
at concentrations of 0.125 oz/A or more. Soybean plants were severely 
injured by 0.063 oz/A of picloram, the lowest dose used in these 
experiments, and after treatment with 2 oz/A of picloram all the plants 
died within two weeks (Figure 4). Picloram treatment at 0.063 and 0.125 
oz/A prevented the yellowing and subsequent abscission of cotyledonary 
leaves, usually observed in similar untreated plants three weeks after 
planting. Canada thistle plants were seriously affected by treatment 
with 0.25 oz/A of picloram, but plants died completely in two weeks 
only after treatment with 8 oz/A or more picloram. The rates of 
application which caused death of soybean and Canada thistle plants 
caused no significant injury symptoms to barley. No barley plants 
died in the two-week period at a dose as high as 64 oz/A, although 
serious injury symptoms (stunting of plants, stem bending, and leaf 
rolling) were observed at dosages of 16 oz/A or more. In the present 
experiments typical malformations in picloram-treated plants included 
twisting and swelling of stems, leaf curling, and death of growing 
point (in Canada thistle and soybean). These symptoms are similar to 
those observed by other workers for picloram (34, 52, 63, 100, 162) and 


other auxin-herbicides (30, 173) in many broadleaf and grass species. 
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Figure 4. Soybean (top), Canada thistle (middle), and barley (bottom) 
plants two weeks after foliar spray with 2 oz/A of picloram. 
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The effect of picloram treatment on the growth of these three 
species is illustrated in Figure 5, in which the dry weight of the plants, 
expressed as a percentage of the untreated control, is plotted against 
the rates of application of the herbicide. From the graph, ED. 9 
values (dose required to reduce growth by half) for these species were 
estimated. These values were 0.23 oz/A for soybean, 0.26 oz/A for Canada 
thistle, and 52 oz/A for barley, under the experimental conditions in 
the greenhouse. The results confirm that soybean is very susceptible 
to picloram, Canada thistle moderately susceptible, and barley relatively 
resistant. Ultimate grain yield is not taken into account in these 
experiments but must be considered under field conditions (162, 171). 
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Bs : CO, -Fixation by Excised Leaves 


I. Relative Rates of C0, -Fixation 


Photosynthetic * c0,-fixation by excised leaves of Canada 
thistle and soybean was reduced significantly (P = 0.01) by all concen- 
trations of picloram used to treat the source plants prior to leaf 
excision (Table 2). At 10 pe/mi the inhibition waseabout 50 per cent: 
Soybean leaves from plants treated with 20 yg/ml picloram were distorted 
(rolled) badly, and were not used in *c0,-fixation studies. In corn a 


small but significant reduction in fixation occurred only at 20 sie / mL 


the highest concentration of picloram used. 


None of the picloram treatments in this study completely 


inhibited photosynthetic *c0,-fixation (light, fixation). thisvobserva— 


tion agrees with the findings of other investigators (8, 9, 40) in work 
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Figure 5. Effect of foliar spray of picloram on growth, measured as 
dry weight, of soybean (So), Canada thistle (CT), and 
barley (Ba) plants. Picloram concentration is plotted on a 
log scale. The plants were grown in the greenhouse, and 


were harvested two weeks after treatment. 
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TABLE 2 
Effect of root-absorbed picloram on light-fixation 
1 
of *co, by excised leaves of Canada thistle, 


soybean, and corn, expressed as total radioactivity 


in the ethanol-soluble fraction® 


Picloram Canada thistle Soybean Corn 
ae 108 Dn aay he 10° x ie a 105° a apap ae 
0 4235° 6804 TI2Z6 
1 3671 87 Sey) 19 1399 96 
C 4166 6804 5462 
10 ASA} 46 3849 oy; 5126 94 
0 6250 4810 
20 2052 33 4187 87 
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Excised leaves (one for each concentration) exposed to about 1.0 mCi 


Moo fore sUsminerat 2o @ OS), (Gl underao2 200 lux efluorescentm 1 ote 


2 
leaf level. 


: Dpuiens of leaf surface; average of duplicates. 
Expressed as per cent of corresponding control. 
d 


IeseDe ie = 0.01) Canada thistle, 423,000 dpm; soybean, 413,906 dpm; 


COL. 05.0 s5 dpi. 
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with s-triazine, phenylurea, and uracil herbicides. Complete blockage 


of the Hill reaction would conceivably block all CO -fixation, provided 


” 
this is the only energy source and the only CO,-fixation pathway. In 
the present study either picloram did not reach the active sites in the 
chloroplasts in sufficient amounts to bring about complete inhibition, 
or some fixation occurred via a picloram-insensitive pathway. An 

: : : 14 , ; : 
examination of picloram effects on dark cO,,-~fixation in the three 


species showed significant inhibition (P = 0.05) only in soybean, at 


10 pg/ml (Table 3). In Canada thistle and corn no inhibition occurred. 


lili, “DEtSieiennmieon jie 14 after *C0,-Pixation 


is 
Since there was no marked effect of picloram on dark *co,- 


fixation only the ethanol extracts from light fixation studies were 

Pree 14 ; ; ‘ : 
analyzed (Table 4); Inhibition of CO,-fixation in Canada thistle and 
soybean leaves as a result of picloram treatment (Table 2) was accompanied 
by marked reductions in the amounts of labeled sucrose and alanine and 
by increases in labeled malic acid, aspartic acid, glutamic acid, 
asparagine, and serine. In corm the only effect of picloram on 
distribution of ic was a small decrease in the relative amount of 


labeled sucrose after treatment with 20 ug/ml, the highest concentra- 


tion used. 


CG. Transioecation of i ee niates 


Autoradiograms in Figures 6, 7, and 8 show the distribution 


of Le eaestmiiaced in picloram-treated Canada thistle, soybean, and corn 
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TABLE 3 


Effect of root-absorbed picloram on dark-fixation 


of mds by excised leaves of Canada thistle, 


soybean, and corn, expressed as total radioactivity 


in the ethanol-soluble fraction® 


Pic lors NCaneda cist lel 0) Geuel (Soybean NN) SMeCom Gu 
mipare 10m x ae Te ier x ere ye iG) ~~ Sie webayin 
0 Dees, sero ll DOR 
1 130 a2 3756 97 L Tere 
0 WA? Zio 40.6 
10 3 107 2256 age B76 
0 i Bereel “One. 
20 IR Ags) 96 S371 
@ Excised leaves (one for each concentration) exposed to about 1.0 
mCi BCom for lghbtm 2uecU Gin complete darkness. — 
p npn of leaf surface; average of duplicates. 
- Expressed as per cent of corresponding control. 
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Difference from control exceeds the P level of significance. 
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TABLE 4 


Effect of picloram on relative amounts of et eabei abe 


compounds following light fixation of tilep 


Data are expressed as per cent of total radio- 
activity in the ethanol-soluble fraction.* 


Canada thistle Soybean Corn 
Compound Picloram concentration, ppm 


0 1 M020 0 i 10 0 iL 10 20 


—_— eee 


Sucrose DZ2UTHORS Col ete Lee (30. Or 2.2L. OL Se OG DU. Ua Oms 
Asparagine Dial Oca uaeeen 5. 3 Oe See LOO Dele 2o0e One, moe 
Malic acid O22 ae 0 ee ae OLY: he OO mL O SOs Hien Gls Gam yee 
Aspartic acid Jed Ue lO Tene ames oo ities SES ONE W YSIS 2) ae ne OPC AD 
Glutamic acid Ee eo gD ROS Os Shade” Usui nw (eca) Led ee eee eee 
Glycine ce oe OP ae sya airs | BE Og o OF aL Ley abe, ean ers 
Serine Sip ae Meee AS) STROH Rea Die? EO 
Alanine S242 Opes Otel ae 65 ue Der Oe Ono coatings likes) 
Fumaric acid 2 Hod lee a 2 On 23 al - — - oad = = - 

Fructose URE Wop pale aleve ches) Tinie SRN SME er Wa iS 


Sugar Phosphates 2.6 4.1 4.5 4.4 Ser Se re Oe alee tee MeO 
Misc. unknown SU) MES) Pee eee eG Jit, MO es Ome iG SP, GME ee ae: OLAS) 


S Excised leaves (one for each concentration) exposed to 1.0 mCi 


1460 fonesOemin atezo + 0,5.0C under) L0220F lux fluorescent iene 


Zz 


at leaf level. Control values are means of four leaves; all other 


values are means of duplicates. 


eee 


ea4 Ma wae wy wnwi ola 


i of cole .O - ut wb 1b 


ee cel 


ne. 


Huad Moe rae eee acer S. cea eS) ALS s.nE es, 7 
Ove; Hie PRG Nek 9 Ores (EL Ned fieiebi-Glol ee 
‘cpiecdt avdreacas: Tepe WME OE! Reed nk AEE 
Oe Bw aE SS De Ge oe aS re yt: te 
ie Ue LI Ses pen Se C8 Ca, #0 et let 
Oi0 wh, S Nol Tet 16 BN. RE. CO, re ee. Re 
BP Bie LL MS SSE SIE SR) Ay Bad) Xe Iie oI 
dit S.£0-825. Gu0t “RS ee 290. BIL BL ae OE . 7 
as Bip. = tas SPS tees hie ves Se 
es G0 CO ff BIT BO Fe et St 1.0. 20 
er Os 5.5 B2r NW AE OR * Mh Ge. TA OMS 
&.8 is We Leo ot ae ‘7: Ye & Bd TF 


trim O.1/na iets tahini iia yur Pe 

1Hg3T SylloasmULE sal OSLOL ehim.9 "A; Se 9a vi 

wbilde Ite zuayest ayo to urkm oth gayhan Lownaga . 

aie Yuvan 
- 


- 


‘ 


meee y 
F 14 
plants, respectively, after exposure to CO 


ie 
AE en 14 . : ; : 
Inhibition of CO,,~fixation in Canada thistle as a result 
of picloram treatment (Figure 6, A series) agrees with the count data 
on excised leaves (Table 2). The areas of greatest inhibition as 
shown in the autoradiograms do not completely correspond, however, to 
: ‘ : 14 . 
distribution patterns of C-labeled picloram in Canada thistle plants 
after root uptake (146). For example, the radioactivity from Ce 
picloram after root uptake was concentrated at the leaf margins, whereas 
ee ees 14 ; P : j 
the inhibition of CO, -fixation in picloram-treated plants was greatest 
: ' . , , 
near the midvein of the leaves. However, *CO,-fixation by young 


growing leaves of Canada thistle, where aCe pteloedn was accumulated 


after root uptake, was greatly inhibited by picloram treatment. 


Translocation of Uday yet to roots of Canada thistle 
plants was reduced markedly by 1 ug/ml picloram, and stopped completely 
by 10 ug/ml. Translocation to young leaves was inhibited nearly completely 
by 10 ug/ml picloram, but the 1 ug/ml concentration did not appear to 
BEpeee unisstransportu. “The effect of picloram on distribution of 
esc ais bmaleg ee evidently is not strictly one of sink-disturbance in 
the young growing tissues, because the assimilate source is also 


seriously affected. 


In contrast with Canada thistle results, autoradiograms of 


soybean plants showed little evidence of picloram-induced inhibition of 


140 -fixation (Figure 7, A series). Transport of assimilates to young 


2 


leaves (where very little Beco was fixed) was blocked completely by 


‘picloram at 1 wg/ml, but translocation to roots was only partly blocked 
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Figure 6. 


Distribution, oF Ue Ohne aiates in Canada thistle plants (A) 


Ogne. (3) ee4 unre (Cm 24 hveatlerrexposuremto i, for LO0rmine 


Before exposure to cos the plants were treated for 24 hr with 


100 ml of 0, 1, or 10 weg/ml picloram in nutrient solution. 
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Distribution of me Cen asamiires in soybean plants (A) 0O hr, 


(Ba hrs (CGC). 24 hrvatter expesure toe = 185), fOGeL Cements 


Before exposure to mica the plants were treated for 24 hr with 


100 ml of 0, 1) or 10 we/ml-picloram in nutrient solution. 
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even at 10 pg/ml. Cotyledonary leaves in control plants in 24° hr 
exported nearly all the ree fixed by them, and this export was reduced 
sharply by picloram treatment. Accumulation of Sctivety in the rirste 
internode, presumably exported downward from the primary leaves, was 


reduced but not stopped by picloram. 


; 14 Tame 
Translocation of C-assimilates in corn seedlings was not 
noticeably affected by picloram (Figure 8). At 10 ug/ml some inhibition 
of transport to the roots occurred, but only after a 24-hr transport 


period. 


D. Chlorophyll, RNA, and Protein Levels of Intact Plants 


Chlorophyll content of soybean and Canada thistle plants 
was markedly reduced by picloram both one and three days after treatment 
(Table 5). Three days after treatment the reduction was about 25 per 
cent. The small meaecion in chlorophyll content in barley three days 


after treatment was not statistically significant. 


RNA and protein levels of picloram-treated soybean and Canada 
thistle plants were significantly higher (P = 0.01) than those in 
similar untreated plants (Tables 6 and 7). In soybeans for instance, 
RNA increased by 24 to 27 per cent and protein by 20 to 24 per cent one 
or three days after picloram treatment. Increases in RNA and protein 
in picloram-treated Canada thistle were slightly lower than those in 


soybean plants. In barley no significant increases in RNA and protein 


were detected. 
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TABLE 5 
Effect of picloram on chlorophyll content 
(mg/g dry weight) of soybean, Canada thistle, 


and barley plants.* 


Treatment Soybean Canada thistle Barley 
1 day 3 days 1 day 3 days 1 day 3 days 


Control Theae: wea 6.8 Orah Pa Biull 
Picloram 6.6 Digs Coz be Veal) Too 
ee 87 72 Poi 77 98 94 


Plants sprayed with 0.05 M phosphate buffer (pH 6.0) containing 1 
per cent Atlox 210, without or with 250 ug/ml picloram. Plants 
harvested one or three days after spraying, freeze-dried, and ground 
DELogetoechlorophy ll determination. 

! Pose eeOeO tesa = Owe): 0s0mer (P0701). 


Expressed as per cent of corresponding control. 
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TABLE 6 
Effect of picloram on RNA content 
(mg/g dry weight) of soybean, Canada thistle, 


and barley plants.® 


Treatment pOyoCale == Canada thistle Barley 

See 1 day 3 days 1 day 3 days 1 day 3 days 
Control Tones Loot 11.4 113s 140 14.4 
Picloram Jos 22.4 eee 14.4 14.4 14.9 

To 127 124 124 122 103 104 


Plants sprayed with 0.05 M phosphate butter (pH 620) containing 
1 per cent Atlox 210, without or with 250 pe/ml picloram. Plants 
harvested one or three days after spraying, freeze-dried, and 
ground prior to RNA “rene 

le ice Demet Getic Gro 0.05) 2. Lomee (PaO 


Expressed as per cent of corresponding control. 
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TABLE 7 
Effect of picloram on protein content 
(mg/g dry weight) of soybean, Canada thistle, 


and barley plants.* 


Treatment Soybean Canada thistle Barley 


1 day 3 days 1 day 3 days 1 day 3 days 


Control lot 187 116 Ze 142 150 


Picloram 200 agjags 138 141 154 Wee 


vA 


b 


124 120 ENS) 116 108 106 


Plants sprayed with 0.05 M phosphate buffer (pH 6.0) containing 

l- per cent Atlow 210, without or with 250 we/ml picloram. Plants 
harvested one or three days after spraying, freeze-dried, and 
ground prior’to! protein determination: 

aos low oemne (ke = 0.05) slo 22 mee(Peer0. 01). 


Expressed as per cent of corresponding control. 
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agi asy ps 
E. Effect of Picloram on RNA and Protein Metabolism Otis Hxeusieds Plant 


Tissues 
IT. RNA and Protein Content 


The RNA content (yg/section) of excised soybean hypocotyls, 
barley coleoptiles, barley leaf sections, and Canada thistle leaf 
discs decreased by 20 to 30 per cent during an 8-hr incubation period 
(Table 8). During the same incubation period, protein content of 
these tissues decreased by only 7 to 16 per cent. Similar losses in 
RNA and protein after incubation have been observed in excised 
cucumber hypocotyl (173), corn mesocotyl (81), pea stem sections (50), 
soybean hypocotyl (82, 85), and excised leaves from a number of different 
plant species (cf 159). The development of enzymes such as ribonuclease 
and protease and lack of supply of growth hormones are possible reasons 


for this loss of RNA and protein of excised plant tissues. 


The response of excised soybean hypocotyl, barley coleoptile, 
barley leaf sections, and Canada thistle leaf discs to picloram varied 
with the tissue and the concentration of picloram involved. The net 
loss of RNA and protein in soybean hypocotyl sections was considerably 
reduced by picloram, both at growth-promoting (10 ug/ml) and growth- 
inhibiting (500 ug/ml) concentrations Grable. .lnus,) picloram 
caused an overall increase in RNA and protein content relative to 
control sections. Increases in RNA and protein concentration were 
greater at 10 ug/ml (51 and 44 per cent, respectively) than at 500 
g/ml picloram (19 and 12 per cent, respectively). Picloram at 10 


ug/ml increased RNA and protein contents of soybean hypocotyl sections 
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TABLE 8 
Changes in RNA and protein content of excised 
soybean hypocotyls, barley coleoptiles, barley 
leaf sections, and Canada thistle leaf discs 
in response to picloram.* 
Tissue Picloram, Per cent RNA Protein 


pg/ml increase in 
fresh weight 


WE, 


b nalcaaston we iegcicattar es 


Indeial 80 668 

Soybean 0 BD 63 602 
hypocotyls 10 Sal 95 Lou 866 144 
500 4 72 19 675 112 

tait tal 28 228 

Barley 0 36 Zi 189 
coleoptiles 10 94 22 105 204 108 
500 19 2D 119 224 119 

Barley inpeiad 20 129 

leaf 0 5 We, Ly 
sections 10 6 14 100 7, 103 
500 5 16 114 1S 107 

Canada Indtttal 31 267 

thistle 0 6 25 247 
leaf discs 10 8 27 108 264 107 
500 3 26 104 Ao) 95 


* Excised tissues were incubated at 25°C for 8 hr in 0.01 M phosphate 
buffer, (pHa6.0) econtaining byperecéentosucrose; D Orie pata streptomycin 
sulfate, and different concentrations of picloram. 

LY All values in the table are means of three different experiments. 

Cc 


Expressed as per cent of corresponding control. 
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over the initial levels suggesting that it not only decreased RNA and 
protein loss but also increased the synthesis of new RNA and protein. 
If RNA and protein contents were calculated on the basis of final fresh 
weight of the tissue (data not shown) the increase was greater at 
growth-inhibiting than at growth-promoting concentration of picloram. 
This is mainly because of a drastic reduction in the fresh weight with 
only a small reduction in RNA and protein content of the tissue after 
incubation in picloram at 500 ug/ml, relative to control values. It 
should be emphasized that the term 'increase' is used relative to the 
RNA and protein levels in excised tissues incubated in buffer alone. 
While, for example, after some hours of treatment picloram brought about 
increases in RNA and protein levels relative to buffer controls, 


relative to initial levels it only decreased losses. 


In barley coleoptiles and barley leaf sections, in contrast 
to soybean hypocotyls, picloram at 10 ug/ml had little effect on 
the net loss of RNA and protein, but at the same time it did not 
stimulate RNA and protein synthesis either, even though in barley 
coleoptiles growth was more than double that in control sections 
(Table 8). It is quite possible that picloram at a growth-promoting 
concentration stimulated the synthesis of new RNA and protein and at 
the same time promoted the loss of RNA and protein thus resulting in no 
net change in RNA and protein content of barley coleoptile and barley 
leaf sections. Picloram at a growth-inhibiting concentration, on the 


other hand, decreased the net loss of RNA and protein and thus caused 


an increase (19 per cent over the controls in barley coleoptiles) in 


RNA and protein content. 
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Canada thistle leaf discs showed only a small increase in 
RNA and protein contents (8 and 7 per cent, respectively) when incubated 
with picloram at 10 ug/ml (Table 8). No marked effect on RNA and 
protein levels was observed at 500 ug/ml picloram, except that there 
was a small increase in RNA and a decrease in protein content relative 


to corresponding controls. 


From the data presented in Table 8 it is obvious that there is 
no strict correlation between the effects of picloram on growth and on 
RNA and protein content of excised sections. For example, in soybean 
hypocotyl picloram at 500 ug/ml resulted in about 88 per cent reduction 
in fresh weight but an increase in RNA and protein content. Similarly, 
in barley coleoptile, picloram at 10 ug/ml caused a large increase in 


fresip werent but nearly to effect on RNA and’ protein Content. 


The effects of picloram on RNA and protein metabolism in 
excised plant tissues described above may be explained either in terms 
of an effect on RNA and protein synthesis or an effect on the metabolic 
breakdown of RNA and protein. The experiments described in the next 
section were designed to help differentiate between these possibilities. 
Il. Effect of Picloram on Time-Course of Growth and RNA and Protein 


Biosynthesis 


The influence of different concentrations of picloram on 
14 : 
growth and on the incorporation of C-labeled precursors into newly 
synthesized RNA and protein by excised soybean hypocotyl and barley 


coleoptile sections over a 24-hr period was investigated. The results 


et gees oe 
isa yt 


saeda nail, wales athe nie hen a el oy 1b: 
ogitelaa iaeines Heese) at seueimsh © ban 14a pkew it Lm 
ae ee 


‘etonsian gid 3 sda 


os 
: 
t= 


: 
= 


; zy om 
ab ureify and Sibrdy Of 24.6 sida? at etUbONEQewaRD wid est - 


eo finn dewour hu enelory Yu sieuiie, ali sabatpe ee ae 
easdvee: HE, Uo giaKs tot” nina? a0 fewlske Fo qed ads: seria 
qubtschet aed toq We “junds Vil eylinep lagu hihe ms wpe» 


; 
28 0a 


#Tyelinle®? j2oataec nbetory) bar ARP dt segs nl ype sed Stele 


7 : 
lr s¢en von anil a tawiss der air Ge te Haring = ltyventos alsad mk 


Tinie mang leak A go oT oe topen wd igtow dest? 
; wy i iy - a 
ut ae tlevGdait pieaor bAG Ale 6 HALON” iy To evealte 7 “ars 


awed) 66 yad}do hile lew el vi Svan bot fpesb ceumass ‘ual | — 


atlvedtadam si) An’ 42ah3ie ja to abeoitarige alerety bop sais. neo onthe an : 


he i 4 


Sng del: We Midas, CT i 0 ptr eS yoeg fe bas: te - DABS 


al sha 7 


veto bil tiveog Seely, eeswind ain Pinytel ith qiod «J sengeaels a3 


nistien’s bee Ai fits Hayne tp sae pS a cm Tea 


- 71 - 


are illustrated in Figures 9, 10, and 11. 


Both soybean hypocotyl and barley coleoptile sections increased 
in fresh weight when incubated in buffer for periods of up to 24 hr 
(Figure 9). Addition of picloram at 10 ug/ml to the incubation medium 
greatly enhanced such growth. An increase in growth as high as 187 
per cent over the control was obtained in barley coleoptile sections 
after 6 hr incubation in buffer containing 10 ug/ml picloram. Picloram 
at 100 yg/ml enhanced the growth of soybean hypocotyl sections for 
the first 6 hr of incubation but after that inhibited their growth. 

No such inhibitory effect of picloram at 100 ug/ml occurred in barley 
coleoptile sections. Picloram at 500 yeg/ml drastically inhibited the 
growth of both soybean hypocotyl and barley coleoptile sections through- 
out the experiment, except for a small but reproducible stimulation of 
barley coleoptile growth during the first 2 hr. Comparisons of fresh 
weight and length confirmed that growth in soybean hypocotyl and barley 
coleoptile sections was due mainly to an increase in cell elongation 
rather than to nonpolar swelling of the tissues. The enhancement of’ 
growth of hypocotyl and coleoptile by picloram in my experiments is 
similar to that reported by Eisinger and Morré (46), Kefford and Caso 
(79), and Schrank (140) who observed a large increase in growth (fresh 
weight and length) of oat and wheat coleoptile and soybean hypocotyl 


sections by picloram at concentrations ranging from 2.5 to 25 ug/ml. 


Incorporation of 14 _g-aTP into RNA by control sections 


(incubated in buffer without picloram) varied from 8 to 35 per cent of 
es 


the total ee absorbed and that of C-U-leucine into protein from 17 


to 59 per cent, during a 24-hr incubation period. After an indetLalL 
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Figure: 9. 


Effect of picloram on time-course of growth, as per cent increase 
in fresh weight over the initial weight, of soybean hypocotyl 
(upper) and barley coleoptile (lower) tissue. Excised sections 
were incubated in the dark at 25°C in 5 ml of 0.01 M phosphate 
buffer (pH 6.0) containing 1 per cent sucrose, 20 ug/ml 
streptomycin sulfate, and 0(A), 10(B), 100(C), and 500(D) 


ug/ml picloram. Data plotted are means of three experiments. 
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Figure 10. Effect of picloram on time-course of RNA biosynthesis, mea- 
sured as incorporation of 14 -8-ATP, in soybean hypocotyl 
(upper) and barley coleoptile (lower) sections. Excised 
sections were incubated in the dark at 25°C in 5 ml of 0-01 
M phosphate buffer (pH 6.0) containing 1 per cent sucrose, 
20 pe/ml streptomycin sulfate; and 0(A); 10(B), 100(G), 


14 Og app was added at 0.1 


and 500(D) we/ml of picloran. 
pCi per ml of incubation medium. Radioactivity in RNA is 


represented as dpm/g initial fresh weight of tissue. Data 


plotted are means of three experiments. 
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Picurew i. 


Effect of picloram on time-course of protein biosynthesis, 
measured as incorporation of He Ae Sheaeicini in soybean 
hypocotyl (upper) and barley coleoptile (lower) sections. 
Excised sections were incubated in the dark at 25°C in 5 ml of 
0.01 M phosphate buffer (pH 6.0) containing 1 per cent sucrose, 
20 ug/ml streptomycin sulfate, and O(A), 10(B), 100(C), and 
500(D) ug/ml of picloram. Seen enane was added at 0.05 

pCi per ml of incubation medium. Radioactivity in protein 

is represented as dpm/g initial fresh weight of tissue. Data 


plotted are means of three experiments. 
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lag of about 2 hr the synthesis of new RNA (incorporation of 

14 o_aTp), both in control and picloram-treated (10 and 100 pg/ml) 
tissue, proceeded at a nearly linear rate for at least 8 hr (Figure 
10). No such lag period was observed for protein synthesis 
(incorporation of te eect) which proceeded at an approximately 

Ti neem rate Tor ups to. 8 hy of incubation, (Fieure: 11)... Picloram. at 

10 wg/ml enhanced the biosynthesis of RNA and protein (incorporation 

of eg precursors) over that in controls both in soybean hypocotyl 

and barley coleoptile sections. The increase was rather small (not 
statistically significant except for ATP and leucine incorporation in 
barley coleoptiles after incubation periods of 6 hr or longer) but 

it was consistent for all incubation periods. At 100 ug/ml, picloram 
slightly enhanced the incorporation of 14 C-ATP and ger Seay: by 

both hypocotyl and coleoptile sections in the first 6 hr but after that 
it inhibited such incorporation, particularly between 8 and 24 hr after 
beginning the incorporation. Picloram at 500 ug/ml, a growth-inhibiting 
concentration, drastically suppressed the incorporation of labeled 
precursors into RNA and protein of soybean hypocotyl and barley coleop- 
tile tissue. ihe inhibition was not; significant Gor the firsts2 Arver 
incubation, but was ony Sieuit Leant tierear len. otal it takes 


some time before enough picloram has entered the tissue to exert an 


inhibitory effect on RNA and protein biosynthesis. 


The experiments described included concentration and time 
series (Figures 9, 10, and 11) which made it possible to separate 
initial promoting and subsequent inhibiting effects which occur as 


picloram enters the tissue and is accumulated Gi )wacethersttescman 
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RNA and protein synthesis. Thus picloram at 100 ug/ml takes about 6 

hr to accumulate in the tissue in quantities sufficient to initiate 

an inhibitory effect on growth and on RNA and protein biosynthesis. 
After 8 hr enough picloram has entered the tissue to result in a 

serious inhibition of the processes studied. It should be emphasized 
then that in experiments with picloram or any other auxin-herbicide 

on excised plant tissues care must be taken in interpreting the results 
when the chemical is being used at only one concentration and for a 
Single incubation period (e.s. picloram at 100 we/ml for 6 hr). An 
example in the literature is the work of Moreland et al. (111) who 

did not find any effect of picloram on 14 O-ATP and te CeTeaeane incorpora- 
tion into RNA and protein of soybean hypocotyl sections. It is possible 
that picloram, at the concentration COmsx or M, approximately 148 
ug/ml) and incubation period (6 hr) used in their studies, initially 
promoted and subsequently inhibited RNA and protein biosynthesis but, 
without time-course experiments, the investigators were unable to 


detect such effects. 


In excised barley leaf sections and Canada thistle leaf 
discs picloram at 10 wg/ml only slightly enhanced the incorporation of 
aCe eored precursors into RNA and protein (Table 9). At 500 
ug/ml, however, picloram drastically inhibited such incorporation. 
Inhibition of incorporation of ATP and leucine was slightly greater in 
Canada thistle leaf discs (82 and 69 per cent, respectively, relative 


to controls) than in barley leaf sections (72 and 59 per cent, 


respectively). 
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TABLE 9 
Effect of picloram on RNA and protein biosynthesis, 
: : * 14 
measured as incorporation of C-labeled 
precursors, in excised barley leaf sections 


aval Camece elwaecile ileeir discs.* 


eee eel aT eg a ee a re I 


Tissue Picloramy RNA Protein 

“yal tile x ee ue (On: De aune ee 
Barley 0 T4063 20359 
leaf 10 ipsa ae) LOT 2106 106 
sections 500 41.0 28 90.0 44 
Canada 0 79.2 TOG 
thistle 10 9053 114 L7 O86 106 
leaf discs 500 t4.0 18 pl. 6 on 


Excised barley leaf sections (13 mm in length) and Canada thistle 
leaf discs (14 mm in diameter) were incubated for 8 hr in light 
(10220 Tux) at 25> G in 0.01 M phosphate burter (pu 6.0), containing 


1 per cent sucrose, 20 pg/ml streptomycin sulfate, different 


; : 14 
concentrations of picloram, and 0.1 uCi/ml of C-8-ATP or 0.05 


uCi/ml of ate enciner 


Radioactivity in RNA or protein is represented as dpm per g initial 


fresh weight of tissue. 


Expressed as per cent of corresponding control. 
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From the results reported in the foregoing pages it is clear 
that an increase or decrease in RNA and protein contents of excised 
soybean hypocotyls, barley coleoptiles, barley leaf sections, and 
Canada thistle leaf discs by picloram (Table 8) is not totally dependent 
upon an increase or decrease in biosynthesis of new RNA and protein. For 
instance, an increase in incorporation of 14 CAP into RNA and of 

ycoreterne into protein brought about by picloram at 10 ug/ml did 
not result in an increase in RNA and protein content of barley coleop- 
tile sections. On the other hand, there was an increase in RNA and 
protein contents of barley coleoptiles treated with picloram at 500 
ug/ml, although incorporation of labeled precursors was drastically 
inhibited. Similar observations were made in soybean hypocotyl, barley 
leaf sections, and Canada thistle leaf discs. Picloram evidently 
strongly influences the RNA and protein levels in these excised tissues 
by affecting net loss of RNA and protein as well as the synthesis of 


new RNA and protein. 


The magnitude of the response of excised plant tissues to 
picloram, especially at auxinic concentration (10 ug/ml), as regards 
growth and RNA and protéin biosynthesis varied to a great extent with 
the tissue involved. Excised segments from Shon geeune zones of etiolated 
soybean and barley seedlings were much more responsive than green 
leaf tissue from barley and Canada thistle. The implication is that 
the differences in the potential for cell elongation of different kinds 
of tissues are responsible for their differential response to picloram 


at growth-promoting concentration (10 ug/ml). At herbicidal concentration 


of picloram (500 pg/ml), however, this difference in response is not so 
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clear-cut. 


It is important to mention here that picloram, depending 


14 


upon concentration, promoted or inhibited the uptake of C-G-ATP and 
14 A : 

C-U-leucine by excised soybean hypocotyl and barley coleoptile 
sections (Table 10). An increase in uptake of A Cmrepated ATP and 
leucine by picloram at 10 pg/ml may be, at least partially, responsible 
for an increase in their incorporation into RNA and protein (Figures 
10 and 11). Similarly, an inhibition of uptake of labeled ATP and 
leucine by picloram at 500 ug/ml may be responsible for part of the 
inhibition of their incorporation. Since uptake of Stee leneled 
precursors is less affected than their incorporation into RNA or 
Protein, 2 direct entect of picloram on net incorporation Gaftver 
correcting for differences in uptake) accounts, at least in part, for 
an increase (at 10 ug/ml) or decrease (at 500 ug/ml) in RNA and protein 
biosynthesis by picloram. For instance, at 10 wg/ml picloram enhanced 
the uptake of Tee taneine by 24 per cent after 6 hr incubation (Table 
10) while under the same conditions its incorporation into protein was 
increased by 38 per cent over that in controls (Figure 11). Differences 
between effects on uptake and incorporation of Me Ce iebeded precursors 
were even more clear-cut at a growth-inhibiting poneenc eaten (500 
ug/ml) of picloram. In barley coleoptiles, for example, uptake of 
te eerete after 6 hr incubation was inhibited by 58 per cent, whereas 


its incorporation into protein was inhibited by 83 per cent, relative 


to controls. 
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III. Cytoplasmic Distribution of RNA and Protein Biosynthesis 


The subcellular site of promoting or inhibiting effects of 
picloram on RNA and protein biosynthesis in soybean hypocotyl and 
barley coleoptile tissue was investigated. The results are presented 
in Tables 11 and 12. Incorporation of radioactivity from tea EASE VS 
precursors into RNA and protein of particulate and supernatant fractions 
(separated at 20,000 x g) appeared to be equally sensitive to picloram 
at 10 ug/ml. For example, in soybean hypocotyl the radioactivity in 
particulate and soluble RNA and protein was increased by about 27 and 
21 per cent and 10 and 9 per cent, respectively, over corresponding 
controls. The inhibition of 14 o_ ATP and dcr leucine incorporation by 
picloram at 500 ug/ml, however, was greater in the soluble than in the 
particulate fraction (except in soybean hypocotyl where no difference. 
in | Sipesy siesta: incorporation was observed). It is generally agreed 
(23, 66, 88) that most cellular RNA is synthesized within the nucleus 
(included in the particulate fraction in these experiments) and is 
transferred to the soluble fraction. Thus it is possible that any 
effect on biosynthesis of new RNA in the particulate fraction will also 
be observed in the soluble fraction. This was, in fact, the case in 
the experiments described. Further, it seems that picloram at 500 
ug/ml inhibited the net transfer of newly synthesized RNA from the 
nucleus (particulate fraction) to the soluble fraction. Since protein 
synthesis is dependent on such RNA, the above effect in turn will also 
be reflected in greater inhibition of protein biosynthesis in the 


soluble fraction than in the particulate fraction (Table 11). 
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TABLE 11 
Effect of picloram on cytoplasmic distribution 
of RNA biosynthesis, measured as 
; ; 14 , ’ 
incorporation of C-8-ATIP, in excised 


soybean hypocotyl and barley coleoptile tissue.* 


Picloram, Soybean hypocotyl Barley coleoptile 
1 x ee ee ere 
ug /m Oaaeewaene oe se hus” i 


a ee Se Oe ee 


Partrenliare= traction 


0 43 82 
10 55 LZ 96 118 
500 8 18 ay 28 


Soluble Fraction 


0 697 856 
10 847 Aweal ey t1g 
500 60 9 ips yih 18 


Excised soybean hypocotyl and barley coleoptile sections were 
incubated for 8 hr in the dark at 25°C in 0.01 M phosphate buffer 
(pH 6.0) containing 1 per cent sucrose, 20 ug/ml streptomycin 
sulfate, different concentrations of picloram, and 0.1 GL) ml oF 


14 8 ATP. Particulate and soluble fractions were separated by 


centrifuging at 20000 x g for 30 min. 


Radioactivity in RNA is represented as dpm/g initial fresh weight. 


Expressed as per cent of corresponding CONLLOL. 
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TABLE. 12 
Effect of picloram on cytoplasmic distribution 
of protein biosynthesis, measured as 
14 


IMecorporarvon, OF C-U-leucine in excised 


soybean hypocotyl and barley coleoptile tissue.* 


Piclonan, __ Soybean hypocotyl Barley coleoptile 
i = = 
ue /m 10° x dpm? & 107° x dpm® i 


Panteieculate Fraction 


0) 364 465 
10 400 110 613 132 
500 41 iba 75 16 


0 940 oo 
10 O22 109 Tet) 120 
500 oF) 10 flayh 14 


* Excised soybean hypocotyl and barley coleoptile sections were 
incubated. in thé dark at 25°C for 8) hr in 0:019M. phosphate butrer 
(pH 6.0) containing 1 per cent sucrose, 20 yg/ml streptomycin 
sulfate, different concentrations of picloram and 0.05 uCi/ml of 
Caen. Particulate and soluble fractions were separated 
by centrifuging at 20000 x g for 30 min. 
p Radioactivity in protein is represented as dpm/g initial fresh weight. 
c 


Expressed as per cent of corresponding control. 
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IV. Growth and RNA and Protein Biosynthesis in the Presence of 
ee ee Ee ee ae ee cucer Or 


Inhibitors and Other Growth Regulators 


Actinomycin D, cycloheximide, and puromycin were tested for 
their capacity to alter the normal and picloram-induced growth and RNA 
and protein biosynthesis of excised soybean hypocotyl and barley 
coleoptile tissue. Gibberellic acid and indoleacetic acid were also 
used for comparison with picloram. The results of these experiments 


aresillustrated in Ficsures 12, 13, and 14. 


Actinomycin D and cycloheximide in the incubation medium 
inhibited both the normal (control) and picloram-induced growth in 
soybean hypocotyl and barley coleoptile sections during an 8-hr 
incubation period (Figure 12). Picloram-induced growth was inhibited 
more than control growth. For example, in barley coleoptiles picloram- 
induced and control growth were inhibited by 60 and 45 per cent, 
respectively. Puromycin at the concentration used in this study 
(40 ug/ml, approximately 9.0 x che M) was not very effective in 
inhibiting the growth of soybean hypocotyl and barley coleoptile 
sections. It inhibited growth by only 30 per cent. Picloram (10 ug/ 
ml), GA, and IAA all Senet growth, although they did so at different 
concentrations and to varying degrees. Picloram as an auxin, however, 
appeared to be several times more effective in enhancing growth than 
either GA or IAA. When picloram at 500 ug/ml was used together with 
GA or IAA, the inhibition of growth was equal or somewhat greater than 
with picloram alone. A similar additive effect has been reported for 


picloram and IAA on the growth of excised oat coleoptile sections by 


Schrank (140). 
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Figure 12. 


PEfects ob pieloram CAsB, sand) ©) mactanomycinel  (netwe)). 
cycloheximide (CH), puromycin (Pu), GA, and IAA on growth, oe 
per cent increase in fresh weight, of excised soybean 
hypocotyl (upper) and barley coleoptile (lower) sections. 

The sections were incubated for 8 hr in the dark at 25°C in 

5 ml of 0.01 M phosphate buffer (pH 6.0) containing 1 per cent 
sucrose, 20 pg/ml streptomycin sulfate, and O(A), 10(B), or 
500(C) ug/ml picloram. Concentrations of actinomycin D, 
cycloheximide, puromycin, GA, and IAA were 10, 2, 40, 50, and 
50 ug/ml. respectively. Data plotted are means of three 


experiments. 
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Both actinomycin D and cycloheximide drastically inhibited 
the uptake and incorporation of 14 arp and te osiedeine by soybean 
hypocotyl and barley coleoptile sections (Figures 13 and 14). The 
incorporation of labeled precursors into RNA and protein was inhibited 
much more than their uptake by the tissue. Picloram at growth-promoting 
concentration enhanced RNA and protein biosynthesis (precursor 
incorporation) and this picloram-induced synthesis also was greatly 
inhibited by actinomycin D and cycloheximide. Actinomycin D, for 
example, inhibited the control and picloram-induced RNA biosynthesis 
by about 76 and 88 per cent, respectively, in soybean hypocotyl and 
barley coleoptile sections. The two inhibitors were equally effective 
in suppressing RNA and protein biosynthesis, except that in some cases 
actinomycin D was more effective than cycloheximide on RNA biosynthesis. 
Cycloheximide inhibited RNA and protein synthesis by about 50 and 80 
per cent, respectively, in soybean hypocotyl and barley coleoptile 
sections. My results on inhibition of RNA and protein synthesis by 
actinomycin D and cycloheximide are in agreement with those of Click 
and Hackett (39) on potato tuber discs and of Key et al. (82, 84) on 
soybean hypocotyl who used actinomycin D and cycloheximide at concentra- 
tions simijJar to those used in the present experiments. As in growth, 
puromycin also was not very effective in inhibiting protein biosynthesis 
(Figure 14). Inhibition of control and picloram—induced growth 
(Figure 12) of soybean hypocotyl and barley coleoptile sections by 
actinomycin D, cycloheximide, and puromycin paralleled the inhibition 
of RNA and protein biosynthesis (Figures 13 and 14). GA and IAA 


elicited the same general enhancement of RNA and protein biosynthesis 
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Figure 13. Effect of picloram (A, B, and C), actinomycin D (Act. D), 
cycloheximide (CH), GA, and IAA on uptake of 14 _-8-ATP 
(total area of the bars) and its incorporation into RNA 
(shaded area of the bars) of excised soybean hypocotyl (upper) 
and barley coleoptile (lower) sections. The sections were 
incubated for 8 hr in the dark at 25°C in 0.01 M phosphate 
buffer (pH 6.0) containing 1 per cent sucrose, 20 ug/ml 
streptomycin sulfate, 0(A), 10(B), or 500(C) ug/ml picloran, 
and 0.1 uCi/ml of 140_g_arp. Concentrations of actinomycin 
D, cycloheximide, GA, and IAA were 10, 2, 50, and 50 
ug/ml respectively. Radioactivity in RNA is represented as 


dpm/g initial fresh weight. Data plotted are means of three 


experiments. 
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Figure 14. 


Effect of picloram (A; B, and C)> actinomycing) (Act... D)., 
cycloheximide (CH), puromycin (Pu), GA, and IAA on uptake of 
SS Ceoereine (total area of the bars)! and ats incorporation 
into protein (shaded area of the bars) of excised soybean 
hypocotyl (upper) and barley coleoptile (lower) sections. 
The sections were incubated for 8 hr in the dark at 25°C in 
5 mt of 0.01 M phosphate buffer (pH 6.0) containing 1 per 
cent sucrose, 20 ug/ml streptomycin sulfate, O(A), 10(B), or 
500 (€) me/mi picloramy and. 0.05 1Gi/mi Seton na ti. 
Concentrations of actinomycin D, cycloheximide, puromycin, 
GA, and IAA were 10, 2, 40, 50, and 50 ug/ml, respectively. 
Radieactivity in protein is represented as dpm/g initial 


fresh weight. Data plotted are means of three experiments. 
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as did picloram, although they did so at different concentrations and 
to varying degrees. Promotion of growth and RNA and protein biosynthesis 
by GA and IAA, at concentrations similar to those used in this study, 
in various excised plant tissues, is now well established (20, 28, 
43, 65, 82, 118). In the experiments reported here, seed veant was 
considerably more effective than either GA or IAA in enhancing growth 
and RNA and protein biosynthesis at a lower concentration. In similar 
experiments on growth (cell elongation) of a number of excised plant 
tissues, Kefford and Caso (79) observed that picloram was either equal 
to or more effective than IAA in promoting growth when both were used 


at similar concentrations. 


As discussed earlier (p. 79), changes in uptake of Ee OE en eied 
precursors are responsible, at least in part, for the promotion or 
inhibition of their incorporation into RNA and protein by various 
compounds tested. The experiments reported below, were designed to 
eliminate any direct effects of exogenous picloram and other compounds 


on uptake of labeled precursor. 


Soybean hypocotyl and barley coleoptile sections were subjected 
to various pretreatments with actinomycin D, cycloheximide, picloram 
(both at a growth-promoting and a growth-inhibiting concentration) , 


GA, and IAA. Such pretreated tissues were then incubated for Othe yin 


a) buffered *solution ‘of Le eee 


Pretreatment of soybean hypocotyl and barley coleoptile 
sections for a total of 6 hr in an auxinic concentration of picloram 


; 14 F : ; 
increased growth as well as incorporation of C-leucine into protein 
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over that in control (buffer pretreatment) sections (Table 13). The 
increase in growth (about 50 per cent in soybean hypocotyl and 100 per 
cent in barley coleoptile) was much greater, however, than the increase 
- 14 : : : 
in C-leucine incorporation (8 to 14 per cent). Pretreatment of 
excised sections for 6 hr in either actinomycin D or cycloheximide 

. 14 : ; i 
considerably reduced both growth and Celeucine incorporation. Treats 
mentewith these inhibitors for 3 hy after 3 hr pretreatment with 
picloram effectively inhibited picloram-induced growth and Ceieucine 
incorporation. On the other hand, picloram relieved, to some extent, 
the inhibiting effects of prior treatment with actinomycin D and 

ea , 3 14 : 
cycloheximide on growth and on incorporation of C-leucine. The level 
14 : . ‘ : 
of growth and C-leucine incorporation did not reach that of controls 
(6 hr buffer pretreatment) in any of these promotor-inhibitor treatment 
sequences. The first 3 hr pretreatment always had a greater effect 
14 , ; , 
on growth and on €-leucine incorporation than the later 3 hr.» For 
example, if inhibitor pretreatment was given in the first 3 hr, growth 

14 : : ; rer 74 2h es: : 
and C-leucine incorporation were inhibited more than if it was given 
in the second 3 hr. These observations indicate that the inhibitors 
and picloram probably do not affect the pre-existing ‘growth essential 
protein' and 'RNA' but influence their synthesis, and that it takes 
them more than 3 hr to completely do so. The inhibitor experiments 
strongly suggest that growth of excised soybean hypocotyl and barley 
coleoptile sections depends upon continued RNA and protein synthesis. 


The picloram-induced component of growth of excised tissues is dependent 


upon additional (new) RNA and additional protein biosynthesis. 
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TABLE, 13 
Effect of various pretreatment sequences of 
picloram, actinomycin D, and cycloheximide 
14 : ; ; , 
on growth and on C-leucine incorporation into 
protein of excised soybean hypocotyl and 
barley coleoptile sections.” 


SS ee ee ee ee ee eee 


Pretreatment Soybean hypocotyl Barley coleoptile 


(3 hr, 3 hr) Fresh weight? O08? x dpm° Fresh wedence L0rs x dpm® 
Buffer, Buffer 26° 644 36 D/9 
Pic.jo; Pic.49 40 699 69 668 
BCt.mus ACs <D 14 262 Ze 268 
Choe Cl. 14 245 19 256 
ACL. =D Pic. 49 18 369 38 354 
CH, Pic.49 20 368 40 BaD 
Pic.ig> Act D 25 448 45 445 
Pic.j9; CH 25 432 41 464 


Excised soybean hypocotyl and barley coleoptile sections were 
Hretreatea forea total cf 6 he (Sehr oo hr eines mivol 020i 
phosphate buffer (pH 6.0) containing 1 per cent sucrose, 20 pe/ml 
streptomycin sulfate, without or with picloram (10 ug/ml), 
actinomycin D (10 ug/ml), or cycloheximide (CH, 2 ug/ml). All sec- 
tions were then incubated for 3 hr in buffer containing 0.1 pCi/ml 
eeecietemeine. All incubations were carried out in the dark at 
BiG. 

Expressed as per cent increase over the initial fresh weight. 
Radioactivity incorporated into protein is represented as dpm per 
¢ initial fresh weight of tissue. 


d Bach figure in the table is the mean of three experiments. 
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Pretreatment of soybeam hypocotyl and barley coleoptile sections 
with GA or IAA (both at 50 pg/ml) enhanced growth and renee incor- 
poration though the increase was less than that following picloram at 
10 ug/ml (Table 14). Pretreatment of sections for 6 hr in picloram at 
500 ug/ml, on the other hand, inhibited growth and subsequent Le a tencine 
incorporation. More inhibition occurred when picloram was supplied in 
the first 3 hr of the pretreatment period than if it was supplied in the 
second 3 hr. Although total exposure time to exogenous picloram was the 
same in both instances, it is clear that in the former instance picloram 
had more time to act within the tissue and as a result exerted a greater 


inhibitory effect. 


The effects of supplying promoting and inhibiting substances 
separately, in sequence, indicate that sufficient amounts of the various 
compounds have to penetrate and accumulate in the tissue, probably at the 

; 2 F 14 : : : 
site(s) of their action, before growth and C-leucine incorporation (or 
other processes) show a detectable response. This suggests that their 
action is not likely to be at the cell surface and lies with some con- 


stituent, probably RNA and/or protein, in the cell. 


F. Uptake and Cellular Distribution of Sra ear aa by Excised Plant 


Tissues 
I. “Uptake 


Excised soybean hypocotyl and barley coleoptile sections 
continued to absorb picloram for at least 24 hr from buffer solutions 


14 : 
containing 0.05 pCi/ml (approximately 11.8 ug/ml) C-picloram 
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TABLE 14 
Effect of various pretreatment sequences of 
picloram, GA, and IAA on growth and on 
dervetitna incorporation into protein of 
excised soybean hypocotyl and 
barley coleoptile sections.” 
ee ee eer eb eenst. tee een hos sherentinn nl 4 pipes Was. 


Pretreatment Soybean hypocotyl Barley coleoptile 


(otnree 3ST) Cc 


b - = 
Fresh weight LO é a dpm~ Fresh Hele 10 : x dpm 


Buffer, Buffer 26 644 36 Eve) 
Pic.gng> Pic. cog 11 196 2A! 194 
GA, GA 29 697 40 667 
IAA, IAA Sei 682 aye 618 
GA, Pic. cog 20 455. 33 387 
Pic.cog> GA 14 338 27 288 
ITAA, Pic.cog 22 460 Sa 293 
j 2 
Picecngs TAA LS 348 Zi 47 


Excised soybean hypocotyl and barley coleoptile sections were 
pretreated for 6"hr (3"hr,” 3 hr)’ in’ 0: 01'M phosphate butter 
(pH 6.0) containing 1 per cent sucrose, 20 yg/ml+streptomycin 
sulfate. without or with picloram (500 jig/ml), GA (50 pve/ml), 
or IAA (50 ug/ml). All sections were. then incubated for 3 hr 
in’buffer containing 0.1 pCi/ml iy conemeines Incubations were 
Garticduout in the dark at onc. 

es Expressed as per cent increase over initial fresh weight. 

© Radioactivity from 14¢-1eucine Incorporated ANeOnprorei Maus 
represented as dpm per g initial fresh weight of tissue. 

d Fach figure in the table is the mean of three experiments. Figures 


for control (buffer, buffer) are the same as reported in Table 13. 
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(Figure 15). Except for a rapid initial entry of picloram the uptake 
was almost linear for.at least the first 8 hr. Soybean hypocotyl 
sections absorbed more picloram than barley coleoptile sections. Since 
the uptake of growth regulators has been shown to occur mainly through 
the cut surface of excised segments (161, 164), it is reasonable to 
assume that the larger cut surface area of soybean hypocotyl sections 
may, at least partly, account for a greater absorption of picloram by 


them as compared to coleoptile sections of the same length. 


During an 8 hr incubation period each barley leaf section (13 
mm in length) and Canada thistle leaf disc (14 mm in diameter) absorbed 
about 2500 and 3500 dpm, respectively, from buffer solutions containing 
0.05) Gi mi Le enter ane During this period barley leaf sections 
accumulated Ee Gnd el ered to a concentration about 1.5 times as high 
(170,000 dpm/g fresh weight) as that of the external medium (112,000 


dpm/ml). 


Loss of radioactivity from excised soybean hypocotyl, barley 
coleoptile, barley leaf sections, and Canada thistle leaf discs was 
observed when an 8-hr treatment with 0.05 pCi/ml of Le eeicloren in 
0.01 M phosphate buffer (pH 6.0) was followed by leakage periods of 2 
and 4 hr in 'clean' 0.01 M phosphate buffer (pH 6.0) (Table 15). The 
leakage phenomenon varied in rate and extent in the different tissues. 
Loss of radioactivity was greatest in the first 2 hr. During the 4-hr 
period about 30 per cent of the total radioactivity in the tissue was 
released into the ambient buffer from ca Caen remeron ted soybean 


hypocotyl and barley coleoptile sections. Leaf sections released only 
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TABLE 15 
. ge 14 : 

Loss of radioactivity from C-picloram treated 
excised soybean hypocotyls, barley coleoptiles, 
barley leaf sections, and Canada thistle leaf 
discs incubated for 2 and 4 hr in 0.01 M 


phosphate buffer (pH 6.0) at 25°C. ae 


Ti Radioactivity in ambient buffer> 
issue ee 


elie ENS 
Soybean hypocotyl Ze 9 3055 
Barley coleoptile ZAR 28,9 
Barley leaf 3.0 d We hes. 2) 
Canada thistle leaf LORS Lo 


* All excised tissues were treated with sf cot eocem (0% 05 
uCi/ml, 11.8 ye/ml) in 0.01 M phosphate buffer (pH 6.0) 
for Ginr at 25°C. Soybean hypocotyl and barley coleoptiie 
sections were incubated in the dark and barley and Canada 
thistle leaf tissues in light (10220 lux). * 

b 


Expressed as per cent of total absorbed. 
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16 to 18 per cent. A lower release of radioactivity from barley and 
Canada thistle leaf sections than from soybean hypocotyl and barley 
coleoptile sections could be attributed to a strong binding of shy ee 


picloram by the leaf sections. 


The results of experiments on the influence of temperature, 

actinomycin D, cycloheximide, GA, sucrose, ATP, and DNP on uptake of 
Paes icd one by soybean hypocotyl and barley coleoptile sections during an 

8-hr incubation period are illustrated in Figure 16. An increase in 
temperature markedly increased the uptake of picloram both by soybean 
hypocotyl and barley coleoptile sections. The Q16 values were 2.2, 1.8, 
and 1.6 for soybean hypocotyl and 2.5, 1.9, 1.6 for barley coleoptile 
sections in the temperature range from 5° to 35°C. Obviously, in both 
tissues, an increase in temperature in the lower range (5° to 15°C) 
brought about a greater increase in uptake than a similar increase in 
temperature in the upper range (25° to 35°C). The Qo values fall 
between values normally encountered for purely passive (Q10 tO tos) 
and active (Qi 2.0 to 3.0) processes. The observations suggest, there- 
fore, that picloram uptake is made up of both passive and active 


processes. 


Actinomycin D and cycloheximide, at concentrations which 
inhibited RNA and protein biosynthesis in soybean hypocotyl and barley 
coleoptile sections (Figures 13 and 14) resulted in an inhibition of 
uptake “a BCom e leva by these tissues (Figure 16). The two inhibitors 
reduced uptake by 35 and 30 per cent in soybean hypocotyls and by 28 and 


24 per cent in barley coleoptiles, respectively. 
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Figure 16. 


Bffect of temperature (5. 155 3257"and/35.G),, -actinomyeineD 
(Act. D, 10 we/ml), cycloheximide (CH, 2° ue/ml), GA 60 
le/ml)), sucrose +(suc..,"2 percent), Alba (4°x 10m M), and DNP 
(Gib es 10" M) on uptake of Lc pleroren by excised soybean 
hypocotyl (upper) and barley coleoptile (lower) sections. 
Sections were routinely incubated for 8 hr in the dark at 
25°G an 5 mi of 0.01 M phosphate: buffer (pH 6.0)" contatmine 
0.05 wCi/ml A Gea cater The radioactivity is represented 
as dpm x 1015 per hypocotyl or coleoptile section. Data 


plotted are means of three experiments. 
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GA enhanced uptake by 14 and 26 per cent in soybean hypocotyl 
and barley coleoptile sections, Ds cae (Figure 16). The inter- 
action between plant growth regulators during their uptake by excised 
plant tissues has interested a number of investigators (3757974) 75) and 
the uptake of one growth regulator has been shown to be affected by 


another. 


If the uptake of picloram is assumed to be an ‘active', 
energy-requiring process, then it follows that the addition of energy 
Sources such as sucrose and ATP, or the addition of DNP, a metabolic 
inhibitor, to the incubation medium should influence the uptake. The 
addition of sucrose (2 per cent) or ATP (4 x 10s M) greatly increased 
the uptake of Le Clade loan by soybean hypocotyl and barley coleoptile 
sections (Figure 16). Sucrose increased uptake by about 27 per cent, 
whereas ATP almost doubled it. DNP, on the other hand, reduced the 
uptake by about half. These results strongly suggest that an energy 
relationship is involved in the uptake of picloram. Similar suggestions 
have been made earlier by other workers for uptake of picloram (16, 73) 


and other growth regulators (37, 75, 161). 


Li. subcellular Distribution 


The distribution of radioactivity in various subcellular 
fractions, separated by differential centrifugation of aqueous extracts 
of een ere setreated excised tissues, was determined (Table 16). More 
than 95 per cent of the activity was in the soluble fraction. In barley 
and Canada thistle leaf tissue about 2 per cent of the total absorbed 


radioactivity was found in the chloroplast-rich fraction. Although care 
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TABLE 16 
ae eee ; 14 ‘ 
Subcellular distribution of G=picLloram } 
represented as per cent of total absorbed, 
in excised soybean hypocotyls, barley coleoptiles, 


barley leaf sections, and Canada thistle leaf discs.* 


a a a aa Sea ee ee Ee en + 1s on a ae 


Subcellular Soybean Bariey Barley Canada thistle 

Fraction> hypocotyl coleoptile leaf leaf 
Nucleti=rich Di, Zee a dis 8) 
Chloroplast-rich - - BES wa) 
Mitochondria-rich RABY LL 5 HLA) UG 
Soluble DiGi OMS OSA 95%) 


# All excised sections were incubated for 8 hr at 25°C in 0.01 M 
phosphate buffer (pH 6.0) containing 0.05 uCi/ml (11.8 pg/ml) =e 
picloram. Soybean hypocotyl and barley coleoptile sections were 
incubated in the dark and barley and Canada thistle leaf tissues in 
Ponte (Ol 20 sus). 

b 


Subcellular fractions:, 0 — 4500 x ¢. for, 10 min for soybean hypocotyl 
and barley.coleoptile tissue or 0 — 200 x g for 5 min fom leat tissue 
(nuclei-rich); 200 - 4500 x g for 10 min for leaf tissue (chloroplast- 
rich); 4500 - 20,000 x g for 30 min (mitochondria-rich); 20,000 x g 


supernantant (soluble). 
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was taken to avoid contamination of subcellular fractions by washing and 
recentrifuging them twice, the possibility that nuclei, chloroplast, and 
mitochondrial fractions are contaminated with each other cannot be ruled 
out. The cellular distribution of picloram in these tissues is similar to 
that of 2,4-D in the experiments of Hallam and Sargent (62) who found most 
of the radioactivity in the soluble fraction of aqueous extracts of 
14 P 

C-2-4-D-treated bean leaves. However, in non-aqueous extracts of bean 
leaf, chloroplasts were the principal cell components to contain radio- 
activity from 2,4-D. From my results it seems that either picloram did 
not enter into the nuclei, chloroplast, and/or mitochondria or some of 
the activity from these organelles leaked out or was actively excreted 
into the supernatant during aqueous extraction of the tissue. The latter 


possibility has been confirmed by Hallam and Sargent (62) for 2,4-D and 


its metabolites in bean leaves. 


G. Translocation of be eme telecan in Canada Thistle, Soybean, and Barley 


Plant mounts and autoradiograms in Figure 17 show the distri- 
bution of radioactivity in Canada thistle, soybean, and barley plants 
1 day after application: of se oeuelor en on a: Single leaf. The radio- 
active material in the plants was chiefly in the Pee as of unaltered 
picloram as determined by chromatographic analysis of the plant extracts 


(see Metabolism, Section H.II). Therefore, the movement of the label 


in the plants represented mainly translocation of the applied herbicide. 


Picloram moved out of the treated leaf and was translocated 


both downward and upward in the leaves and stem of all three species. 


idag eit: Mfr 


Distribution of radioactivity in Canada thistle (A), soybean 
(B),, and barley {(C), one day after: application of -U0- Viucrsor 
Fa éaieVeikepacin (2 uCi in Canada thistle) to a single leaf as 
indicated by the arrows. The lettered photographs represent 


the plants, the corresponding photographs to the right of 


them the autoradiograms. 
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The ac label accumulated in actively developing young leaves at the 
shoot apex of Canada thistle and soybean plants, whereas in barley plants 
it was more or less evenly distributed throughout the green tissue. More 
of the total radioactivity appeared to remain in the treated leaf of 


Canada thistle and barley than in soybean plants. 


Quantitative data on the absorption and translocation of Sie 


picloram in the three species after foliar application were obtained at 
time intervals ranging from one to twenty days (Figure 18). Entry of 
picloram into the leaves of Canada thistle and soybean was much faster 
and more complete than into barley leaves, as judged from the amount of 
picloram residue left on the leaf surface. About 80 - 85 per cent of 
the total radioactivity recovered four or more days after treatment had 
entered the leaves of Canada thistle and soybean as compared to only 60 
per cent in barley. The amount of radioactivity translocated out of the 
treated leaf to other parts of the plant, one or more days after treat- 
ment, was greatest for soybean and about the same for Canada thistle 
and barley. About 50 per cent of the total recovered radioactivity in 
Canada thistle, 30 per cent in barley, and 15 per cent in soybean, was 
retained by the peered eat 20 days after treatment. The results “are 


in agreement with those of autoradiographic studies. 


Total recovery of radioactivity from plants 20 days after 
treatment with Tal Sealey as a fraction of the dose applied, was 55 
per cent in barley, 64 per cent in Canada thistle, and 75 per cent in 
soybean. Radioactivity exuded by roots (146), evolved as eco, (see 


Metabolism, Section H.II), or incorporated in the ethanol-insoluble 
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Figure 18. 


Time-course of Lee ercean absorption and translocation in 
Canada thistle (CT), soybean (So), and barley (Ba), after 
application of 0.1 uCi of en ae PT eae to a single leaf. 
Radioactivity is presented as a percentage of the total 
amount recovered. Data plotted are means of two replications 


of four plants each. 
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residue, accounted for less than 3 per cent of the dose. The decrease 
in recovery with time probably is attributable to volatilization of 
picloram (59) despite the fact that volatility losses from a glass slide 
or parafilm in 24 hr were negligible (147). The distribution patterns 
Of radioactivity after root uptake of Se nreleray (Figure 19) were 
similar to those following leaf application, except that translocation 
was more extensive and that there was more activity in the roots after 
absorption via the nutrient solution. The label was more or less evenly 
distributed throughout the plants of Canada thistle, with slight accumu- 
lation of radioactivity in the young leaves. In soybeans most of the 
activity was in the main axis, that is, the young trifoliate leaves, 
stem, and roots, and very little activity appeared in the two primary 


leaves. 


H. Metabolism of eee icloran 
I. Excised Plant Tissues 


Scans of paper chromatograms showed radioactivity from re 
picloram in the treatment solution as a single peak at a mean Rf 0.53 
(Figure 20,A). After l-day treatment periods all the radioactivity in 
ethanol extracts of all the excised plant tissues was at the picloram 
position. After 3-day treatment periods radioactive material in: the 
extracts of soybean hypocotyl (Figure 20,B) and barley coleoptile 
(Figure 20,C) also ran as single peaks at the picloram position. In 
barley and Canada thistle leaf extracts (Figure 20,D and E, respectively) 


an additional peak appeared at Rf 0.70 and in barley leaf extracts a 
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Figure 19. 


Distribution of radioactivity in Canada thistle (A), soybean 
(B), and barley (C), one day after root uptake of S terikioalerseta 
from nutrient solution (0.4 wCi in 100 ml); ‘The lettered 
photographs represent the plants, the corresponding photographs 


to the right of them the autoradiograms. 
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Figure 20. 


Distribution of radioactivity along paper chromatograms of 
C-picloram (A), and ethanol extracts of sections of soybean 
hypocoty! (B), barley coleoptile (C), barley leat (D)seand 
Ganada thistle leaf (8), three days after treatment with 0-05 
uCi/ml of Eo ent cloranen 0.01 M phosphate buffer (pH 6.0). 
Chromatographic solvent: n-butanol : ammonium hydroxide (28 


pee cent) ee water eosk.). 
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small amount of activity was present at Rf 0.48. Thin-layer chromato- 
graphy of ethanol extracts confirmed the paper chromatopraphic results 
(Figure 2. Supper). = The radioactivity present at positions other than 
that of unaltered picloram accounted for about 40 and 25 per cent of the 


total activity in barley and Canada thistle leaf tissue, respectively. 


Et) has been reported (10/7, 128)! that picloram or its mata— 
bolites may form conjugates with plant constituents. Thus, the additional 
peaks or spots might represent metabolites of picloram or conjugated 
products of picloram or its metabolites. If they were conjugates, acid 
or alkaline hydrolysis should release the compounds from the plant 
constituent moiety. Therefore, the tissue extracts were hydrolyzed with 
acid and then chromatographed again. Thin-layer chromatography of the 
hydrolyzed extracts (Figure 21, lower) showed that the spots representing 
a Contetoran remained at the original position and the additional spots 
from barley and Canada thistle leaf extracts had disappeared. All the 
radioactivity in the hydrolyzed extracts thus appeared at the picloram 
position. These results suggest that picloram was conjugated with plant 
constituents in the excised barley and Canada thistle leaf sections and 
that it was released from the conjugation by acid hydrolysis. On 
chromatograms, the conjugates gave a positive reaction for sugar with 
benzidine and a negative reaction for amino acid with ninhydrin. It 


appears, therefore, that some picloram is conjugated with sugars (s) in 


excised leaf tissues. 


In another experiment, in barley and Canada thistle leaf 


tissues, less than 1 per cent of the total absorbed radioactivity was 


a fy el pithy: 
ne Ie. 


a ¥ 
gle a 


aatues) vag eA 
Heid “also onl thao te pant ig | 4 

5dd° ln tna 73q CS baw DS diode iol fednvenos mera ate | 
_yPeylopedde; ,aldats test sfeatde digi) Rue goimed ab rs 


-yyam 24% xo \mevoltuby sedi (URL , TOL) Berzaged need end 3% 
lanorghits ada aud? Phyenrsi4 ats Wiel ile gutuguinoo ero} Yom ss tod 


os 
slesa 


- 


tevhwu[mos vo wryoloig Qo esJifodaaae Insmeeges togia ejoge 30° 


hiss ,o5%egupios siew vals 41° .kagl todeyse eit a0 meyolong 2o &: ubozg 

tnaky att wax? ebacoess ol) otester lends siaginigd satielis x0 : 

daiw hesvinibed ou Geese sueste aff , sTOaseaiT -yosing Ineviizanos 

ofr Ae vlieigutemesls xouel=net?. .miige Lhlqneiys Jemenils nvdt bos bi 
goktiséey)+) efoge sili red) bownds tyavel ,48. saggtt) etooxaxs beaglogs 

2ioge lwnotfthha odi bin nolgieod Juntatse aft oa = werotaty-ot er 

ova 1tA bsaasydselb- yeu aeoinedeo teal wigabdy ebanad a yolred + 

mirclety ads de bedpeqqs an) etorstee besvlavbyd ody al eabctios: 4 

dmig ile bagegutnes env merainka ded! Jeengue ed foesy send -motyt fc 7 

brie ¢ontiose Gasol al ?etds alee) bos voloed beaboxe od vt asnsotty: 

n0 .alevloibyd hiss yd woliego[ too oft mor) boensisz Gaw an 

ie.tw — 751 nvtipsst svEsteoy b eveg 2ooayuinon odd 5m: oe] soa 

4% (2 beara fgiw ihe: ont oO) Oba yeert setamgan © ban ani 

wn? (2) atngue eta Hedagubae at hint aty smn tangy i aia #76 a 


mantis 30h 


=s, ¢ 
nibixs 


! 
it 
i 
% 
bi 
' 
al 
ai 
we 
* 
aA 


ne 
i 
ty! 


Faoures2 ie 


Autoradiograms of thin-layer chromatograms of Leoni lore 
(A), and ethanol extracts (upper) and hydrolyzed extracts 
(lower) of sections of soybean hypocotyl (B), barley 
coleoptile (CC); barley leaf @), and Canada thistlaslear cs). 
three days after incubation in 0.01 M phosphate buffer 

(ple6-. 0) containing) 0;0501C1/min on Se oniclore™ Thin- 
layer of 0.25 mm silica gel GF on glass plates was 


developed in n-butanol : ethanol : water, 2:2:1 (v/v/v). 
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bound to the macromolecules (ethanol-, TCA-, and phenol-insoluble 


material) three days after treatment with sey eas Beep See 


Deweintact Lants 
a. Decarboxylation 


Canada thistle, soybean, and barley plants were treated with 
Oc iCisof Me eenieroran on a single leaf. Figure 22 shows cumulative 
total radioactivity collected as =ico; from plants which received a total 
amount of labeled herbicide equivalent to 220,000 dpm per plant. It is 
evident that some decarboxylation of sty pieloren occurred in all three 
species, but the rate and extent were extremely low. During a period of 


20 days, the total radioactivity collected was less than 0.05 per cent of 


the dose applied. 


De Wie Alyollaeee iin Pilemie Ixecrecies 


Chromatographic analysis of ethanol extracts of plants foliarly 
treated with elon en showed that metabolism of this herbicide did 
nol occur in any of fhe plant species tested. Autoradiograms of thin- 
layer chromatograms of ethanol extracts from Canada thistle, soybean, and 
barley, 10 and 20 days after treatment with de capi cleren (Figure 23, upper 
and lower, respectively) showed no labeled compounds other than unaltered 
picloram. In Canada thistle plants even 40 days after treatment no 
evidence of metabolism of sl eoeasl bianca was obtained and only unaltered 


chemical was recovered from the ethanol extracts of treated plants. 
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Autoradiograms of thin-layer chromatograms of Le eo te lorem (A) 
and ethanol extracts of Canada thistle (B), soybean (C), and 
barley (D) plants, 10 days (upper) and 20 days (lower) after 
follarrapplicati onmors Ute Cioe Lee tetoran Thin-layer of 
0.25 mm silica gel GF on glass plate was developed in n- 
butanol : ammonium hydroxide (28 per cent) : water, 8:1:1 


(v/v/v). 


DISCUSSION AND CONCLUSIONS 


The significance of certain observations related to each of the 
experiments described has been discussed in the appropriate sections. 
However, the implications of these experimental findings deserve more 
detailed attention. 
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A. CO,-Fixation and tS Clas fees Translocation 


Photosynthetic c0,-£ixation in Canada thistle and soybean 
Was srediuced to about, one-half of that im controls by, 10 ug/ml (0.036 
mM) picloram. This effective concentration level is similar to that of 
many potent inhibitors of photosynthetic *c0,-fixation such as pheny- 
lureas and s-triazines (8, 9, 40) which, at 0.05 mM or less, reduced 
fixation in bean and soybean to less than 5 per cent of that in controls. 
On the other hand, the 10 mM concentration of picloram required for 
50sper centsinhibition of the HilL reaction gin, the experiments of Hamill 
and Switzer (64) was far greater than the concentration of phenylureas 
or s-triazines needed to achieve the same effect (110). These observations 
suggest that the inhibitory effect of picloram on photosynthesis is 
indirect and is a result of disturbances of other physiological processes. 
A reduction in chlorophyll concentration in picloram-treated plants 
because of destruction of chlorophyll or an interference with its 
formation may be, at least partially, responsible for the observed 
inhibition of photosynthetic *c0,-fixation in picloram-sensitive 


soybeans and Canada thistle. The reduced chlorophyll content, by lowering 


bsdatut Heb taov resto ntwias 
jintiese asalynongqe wa at bar wath iad ene! ie 
eight ovededh can tat? Indieert toes . ands _ ehokpupt te 
antes pout 5198 


‘ ALC. 
nottecolemmet siabinte Ts t bain anbsanat¢ J) a 
_ Se —— — * 


a 


4 
Taeiyosn bile pati) chen) al sO h1 Ax ER AD t etvsdtirveoijodt 


lt 


060.0) tulan Of ed efraann mn) Anas fo) Vletende- duos Os pesuhed 


tn da whe © 9) WeRartiiweened vjanthe eit mmcotl hq ar 
a) _ 

“mete aed rattpatd<,00"” gi hetnaguesady te erontdl tat insjoq ae 
uber x ~ 0 20,0 ac yrtnkdyo (eee gp pBatactii—-2 ims 6 sTuL 

times ati 7 » tfc. any © dete eee! of @redves Soe’ onad al notis aid 


4 


iY hea hogan mdobelg Ru goddueheronos Me HE ab + bund pasts sda ‘90 
(it Sein BG: Adpael aheee’ ota a) -adlgaeey SILN i id eudionahale oa ahs 
; ry /4regilG re ‘nobkos somaies efo rwity pa gow ret ome (ray 7 ere 

: : iy 
aolisev79e4o seal (041) 2astio eume ans sveifug oi labaww at 
a) atesitliovadtodg ace anwulsiq tv 44e1)s — 
-wieeesesy, Teu)polotegdq taillo to Adonedwt2it -In sues « 
‘oa 


, me 
sifiaky batperi-analoha) ae vieren : Lf fino te 


ao) (di Sonera breiae pe - Autos 
bevquide sty 402 stdinanyedy. e a at = 


— 7 | _ \ = 
Byte omewnsotsie wt na xp iY ata fst ‘sabe: 

a by 4s aernstt 

7 Coir Hg! a k "3 ind we 


: ~-) 7 


; 


ei 


= 1i4 = 
the photosynthetic efficiency of the chloroplasts, could account forva 
reduction in dry weight of picloram-treated plants, an explanation which 


has been provided for 2,4-D action (174). 


Young soybean plants are much more sensitive to picloram 

than Canada thistle plants, but primary leaves of soybean, the main 
photosynthesizing organs at the growth stage examined, did not show 

RE ee: 14 2 ; : : ; 
Greacen inhibition of CO,-fixation by picloram than did Canada thistle 
leaves. This observation can be explained in part by the results of 
translocation studies on picloram in these species. Only very small 
amounts of radioactivity accumulated in the primary leaves of soybean 

? 14 : , 

plants 1 day after root treatment with ~ C-labeled picloram (Figure 19). 
Most of the picloram had accumulated in young trifoliolate leaves. In 
Canada thistle, on the other hand, picloram was distributed throughout 
all leaves with only limited accumulation in young leaves, after similar 
treatment. Differences in the distribution patterns of picloram after 
root uptake probably contribute more to the expression of selectivity 
tianeany other direct effects ‘of the herbicide on photosynthetic processes, 


Nevertheless, such direct or indirect effects undoubtedly play an 


important role in the phytotoxicity of picloram. 


If the interference of certain herbicides with photosynthesis 
consists of somehow incapacitating the photosynthetic units (quantasomes) 
in which the Hill reaction occurs (40, 109, 121), then *c0,-fixation 
would be reduced only in proportion to the number of units so inactivated, 
and the distribution of te into various compounds should not be changed 
drastically. The significant changes in distribution of assimilated 


ac in various compounds brought about by picloram in these experiments, 
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therefore, again point to the indirect nature of the picloram effect 
on photosynthesis. The observed effects by themselves can hardly be 
considered disastrous to the plant but again, they undoubtedly are a 


part of the expression of picloram's phytotoxicity. 


Increases in labeled malic acid, aspartic acid, slutamic 
acid, asparagine, and serine, as a result of picloram treatment suggest 
that alternate pathways for the synthesis of these compounds exist 
apart from the photosynthetic fixation pathway described by Calvin and 
coworkers (14). Three possibilities, linking the Embden-Meyerhof 
pathway and the Krebs cycle, and involving the formation of eS let 
acid or malic acid from either pyruvie acid or phosphoenol pyruvic 
acid and CO,» aré evident in intermediary metabolism pathways (23). 
These intermediates (malic and oxalacetic acid) in turn, through known 
biochemical pathways (23) could give rise to increased amounts of the 
above-mentioned compounds in picloram-treated plants. These results 
are fully in agreement with those of Young (177) who observed an increase 
in asparagine, aspartic’ acid,wand ‘glulamics acid in picloram-treaced 
field bindweed (susceptible to picloram), and a decrease in these 
compounds in Kochia (Kochtad scoparia (L.) Schred.) (resistant). The 
increase in radioactivity in some amino acids after “c0,-fixation in 
Canada thistle and soybean in my experiments could account for the 


increase in protein content observed in these species after picloram 


treatment (Table 7). 


Sucrose is the main constituent of assimilates entering the 


phloem in photosynthesizing leaves (607,04 SSLO Sea SAel67 )e and “in tiie 
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present experiments a large part of the assimilated He in Canada thistle, 
soybean, and corn was incorporated into sucrose (Table 8). If picloram 
directly inhibits sucrose transport, a back-up of (unlabeled) sucrose 

in the phloem might shift the incorporation of assimilated 14, in the 
leaves away from sucrose to other compounds such as amino acids. No 
direct effects of picloram on phloem transport have been described in 
literature reports, however, possibly because of the difficulty of 
separating direct and indirect effects experimentally. A more probable 
explanation of the observed shift is that picloram caused a disturbance 
of growth in young leaves of Canada thistle and soybean, and that the 
consequent reduction in sink-activity caused a back-up of sucrose in 

the transport system. In corn, which is relatively resistant to 
picloram, no significant inhibition of assimilate transport and no 
Signe ecane swat & yin eCedr err pation occurred. One would have to 
assume, of course, that leaf excision in Canada thistle and soybean just 
before exposure to 1460 did net alter the sucrose sradient in the 


Wy, 


ae Lae ae ; 
transport system sufficiently to affect C=1n Corporation. 


From the views put forth in the above paragraph it follows 
Sa e Nga f 14 Sate 
that the inhibition er translocation or C-assimilates to young leaves 


ineGanada’ thistle (Figure 6. Bo and C, 9) and soybean (Figure 7, B, and 


10 1 


C,) 3160 126 an indirect rather than “a direct. resul€ of picloram treatment. 


es]. 
The behavior of cotyledonary leaves of soybean in co, - 
fixation and Se een ecation may have some physiological significance. 
These cotyledons, as in several other species (see reference 29 in toto), 
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were able to fix Tog in the light. Since the assimilation of carbon 
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dioxide in light by cotyledonary leaves appears to follow pathways 
which are operative in other photosynthesizing tissues (29) the process 
has considerable physiological significance with respect to the synthesis 
of important cellular constituents required for seedling growth and 
development. In the present experiments the translocation of Wi 

fixed by cotyledonary leaves to young growing parts in soybean plants 
was reduced sharply by picloram. The retention of photosynthates in 
the cotyledonary leaves of picloram-treated soybean plants may be 
responsible for the retardation of Senescence and abscission of such 
cotyledons observed in plants sprayed with picloram at levels which did 
not cause death of plants (p.51). Similar observations have been 


made recently by Fletcher et al. (54) on retardation of bean leaf 


senescence by benzyladenine. 


My findings on inhibition of transport of ees miles be 
Canada thistle and soybean contrast with those of Leonard et al. (97), 
who reported increased transport and accumulation of Pane in stem tissues 
and petioles of picloram-treated grape, and those of Cardenas et al. 
(30) who found increased accumulation of assimilated ae in 2,4-D- 
treated cocklebur. Differences in plant species and their physiological 
conditions probably account for these differences. The findings 
described agree, however, with results of experiments on red kidney 


bean similar to those reported here (163). 


14 nee 
My observations on inhibition of transport of C-assimilates 
to roots correspond with the observations of Leonard et al. (96, 97) 


after the application of herbicidal dosages of picloram to several 
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woody species, but their suggestion of direct injury to phloem by 
picloram (96) was largely conjectural. A slow-developing detrimental 
effect of 2,4-D on translocation of amitrole in beans was reported by 
Crafts and Yamaguchi (42). They suggested that the failure OF amitrole 
to be translocated was due to loss of the ability of the sieve tubes 
to hold amitrole by increasing the permeability of sieve tube membranes. 
Such reasoning could explain the failure of xt Cu, Sees fo "be 
translocated when herbicidal doses of picloram are used. Destruction of 
the phloem of stem and root in picloram-treated plants has been 
reported “(527 °6l,- 80) and may "contribute to the imhibition of "assimilate 
translocation in picloram-treated soybean and Canada thistle plants in 
the present experiments. The blocking of assimilate transport to roots 
in picloram-treated Canada thistle and soybean probably is related also 
to decreased production “or nh ona, Hees aud’ reduced sink—activity in "the 
roots. Since the visible response of roots to picloram is much less 
spectacular than that of young leaves, the effect of the former on 
assimilate export from leaves probably is less important than the 


, 14 F 
effect ot the “latter, "as “expressed in decreased C-sucrose production. 


The results of these experiments illustrate differential 
responses of sensitive and resistant species to picloram treatment, as 
expressed in production and translocation of labeled assimilates after 

14 é apres. . h h h 
exposure to CO, - Except for a strong indication that these changes 
are brought about largely indirectly, after growth disturbances in young 
growing leaf tissue and also perhaps root tissue caused by disturbances 


of other physiological processes, they do not elucidate the question of 


primary point of attack of the herbicide. Nevertheless, such indirect 
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effects undoubtedly play an important role in the phytotoxicity of 


Dicloram. 


B. RNA and Protein Metabolism 


Results of my experiments on RNA and protein contents of 
picloram-treated soybean, Canada thistle, and barley plants correspond 
with those reported in the literature for picloram (17, 64, 100) and 
otherpauxin—-herbilcides (12, 30.-36, 85, 173). @ihe differences in BNA 
and protein levels of picloram-treated and -untreated cucumber and 
soybean plants in the experiments of Malhotra and Hanson (100) were 
small, suggesting that the concentration of herbicide may have been 
excessive... In my experiments differences in RNA and protein concentra- 
tions of susceptible soybean and Canada thistle and resistant barley 
plants and in excised plant tissues after picloram treatment (Tables 6, 
7, and 8) may be explained on the basis of differences in degradative 
metabolism of RNA and protein, i.e., different levels of ribonuclease 
and proteinase, between the two groups of plants and differences in 


their capacity to synthesize new RNA and protein. 


Picloram-treated soybean and Canada thistle plants showed, 
in addition to the inhibition of. apical growth, a distinct swelling of 
the stem below the growing point. This swelling may be related to an 
overproduction of rRNA and free ribosomes, according to an explanation 
suggested as part of the mechanism of action of auxin-herbicides (66), 

5 : : 7 OF, : : 
and based on the accumulation of RNA in the for yee ribosomes in 


tissues treated with 2,4-D or picloram (36, 53, 83, 87, 100). 
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Changes in growth and RNA and protein metabolism of excised 
soybean hypocotyl and barley coleoptile sections after incubation can 


be schematically represented as follows: 


Se ee oe Se ee ee ee eee eee ee 
Picloram, Growth Total RNA or protein/section 


pe /ml Net change Synthesis Degradation 
a Ea ie Be es Beate we eS ieee ene ee ee ee 


Soybean hypocotyl 


0 7 -- sets ---- 
10 +++ + ee oe 
500 0 - 0 = 
Barley coleoptile 
0 + --- HH ee 
10 4-1 -- Pe Ce vase ewate aus 
500 4 - 4 - 


In soybean hypocotyl a net increase in RNA and protein content relative 


to control and initial levels in response to picloram at growth-promoting 


concentration, was a result of increased synthesis of new RNA and 


protein and a decrease in RNA and protein loss during incubation. However, 


at a erowth-inhibiting concentration of picloram, an incréase in RNA and 


protein content over the controls (although a decrease relative to the 
initial level) was due to a large decrease in loss of RNA and protein 
duxime incubation. _ in berley coleoptile sections, .an increase in RNA 
and, protein content in response to picloram at a growth-promoting 

concentration was brought about mainly through an increase in new RNA 
and protein biosynthesis. Since there was no net increase in RNA and 


protein content in picloram-treated (10 ug/ml) barley coleoptiles, in 


spite of an increase in synthesis of new RNA and protein over the controls, 


it is reasonable to assume that the loss of RNA and protein in such 
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picloram-treated sections also was greater than in control sections. 
As in soybean hypocotyls, picloram at a growth-inhibiting concentration 
caused an increase in RNA and protein content over that in controls 


mainly through a decrease in net loss of RNA and protein. 


The great increase in RNA and protein content of intact 
susceptible soybean and Canada thistle plants and of excised soybean 
hypocotyls after picloram treatment in these experiments thus is 
considered associated both with lower levels of ribonuclease (66, 100) 
and proteinase and an increase in the synthesis of new RNA and protein. 
The inability of intact plants and excised coleoptile sections of the 
resistant species barley to accumulate more RNA and protein after 
picloram treatment, in spite of an increase in the synthesis of new 
RNA and protein, is attributable to high levels of ribonuclease (66, 
100) and proteinase in the tissue. Furthermore, picloram also may 
influence the activity of these degradative enzymes differently in 
susceptible and resistant species (7, 66, 100) and thus affect their 


RNA and protein levels differently. 


In experiments on excised soybean hypocotyl and barley 
coleoptile sections, actinomycin D, cycloheximide, and puromycin 
inhibited control and picloram-induced growth and RNA and protein 

; 4 14 i : : ee = 
biosynthesis ( C-labeled precursor incorporation). Since interpreta 
tion of the resuits of such precursor incorporation experiments assumes 
specificity of action of selected inhibitors of RNA and protein 


biosynthesis, a brief discussion of the action of three of the inhibitors 


is included. 
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Actinomycin D is well known as an inhibitor of RNA synthesis 
in higher plants as well as in animals and bacteria (2Ow oe Goer cc. 
84, 105, 116), but little is known about other possible effects of this 
antibiotic on plant processes. There are, however, good reasons for 
assuming its specificity of action, because a number of important 
Processes are not affected by actinomycin D under conditions where RNA 
synthesis is inhibited. For example, actinomycin D inhibits normal RNA 
synthesis without affecting the multiplication and increase in infectivity 
of certain RNA “viruses in higher plants “(Gil, 135). At (7.0% 10m NeLE 
did not significantly reduce the frequency of mitotic figures in onion 
(Allium cepa L.) roots for about 40 hr, though it caused a very sharp 
decrease thereafter (10). Respiration in potato discs which had reached 
a steady rate after excision, was not affected by 1.9 x Hore M 
actinomycin (39). So far all the data on higher plants suggest that 
actinomycin D acts by inhibiting DNA-dependent RNA synthesis, although 


in long treatment periods it might well show some secondary effects 


in some tissues. 


Cycloheximide is generally known to inhibit protein synthesis, 
and recent work of Ellis and Macdonald (48) suggests that, in plants, 
it may indirectly produce such inhibition by interference with energy 
transfer reactions. In their studies cycloheximide at 1 pg/ml 
stimulated the respiration and inhibited the inorganic ion uptake by 
red beet (Beta vulgaris L.) discs. The uptake of organic compounds, on 
the other hand, was unaffected. Key (83), however, concluded that 
cycloheximide does not appear to be a respiratory poison, since the 


ATP/ADP ratio was maintained or increased in tissues treated for 
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several hours. 


Puromycin is an effective inhibitor of protein synthesis 
though high concentrations are required to accomplish a reasonable 
inhibition of protein synthesis and growth of excised plant stssuess (247 

82, 118, 119). Since it has no effect on the established respiration 
in aged potato tuber discs (39) its inhibition of protein synthesis 
and growth can hardly be due to interference with the energy-producing 


system. 


Actinomycin D, cycloheximide, and puromycin all inhibited 
the control and picloram-induced growth and RNA and protein biosynthesis 
in excised soybean hypocotyl and barley coleoptile tissue (Figures 12, 
13, and 14). Since protein synthesis is dependent on production of 
mRNA, actinomycin D can be expected to block such synthesis effectively 
and thus to interfere with any processes requiring synthesis of enzymes 
(unless their synthesis is controlled by a form of RNA synthesized via 
an actinomycin-resistant pathway). The inhibition of the incorporation 
of oS Teyeine into protein in soybean hypocotyl and barley coleoptile 
sections by actinomycin D in my experiments is fully an linerwith the 
observations of other investigators on the inhibition of synthesis of 
new respiratory enzymes in potato discs (39) and of incorporation of 
amino acids into protein (82, 84, 111, 118, 158) by actinomycin D. 
The observed protein synthesis in the presence of actinomycin D must be 
due either to actinomycin-resistant RNA synthesis or to the activity 


of a relatively stable messenger or template RNA present in the tissue 


at the beginning of the experiment. 
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Cycloheximide, in addition to inhibiting protein synthesis, 
also inhibited RNA synthesis in soybean hypocotyl and barley coleoptile 
tissue. The possibility that inhibition of protein synthesis and thus 
of enzymes by cycloheximide may lead to inhibition of RNA spn nemoe 
should not be overlooked. The inhibition of AIP=incorperation into 
RNA in the present experiments was much less than the inhibition of 
leucine-incorporation into protein and probably is an indirect effect 
of cycloheximide. These results are fully in agreement with those of 
Key et al. (84) in similar experiments with cycloheximide on soybean 


hypocotyl. 


Puromycin was not very. effective in inhibiting protein 
synthesis and growth. Moreland et al. (111) found only 30 per cent 
inhibition of protein synthesis in soybean hypocotyl tissue by 50 
ug/ml puromycin. A high concentration of puromycin, about ten times 
that used in the present studies, generally is required to obtain an 
inhibition of protein synthesis equivalent to that obtained here by 
actinomycin D and cycloheximide (Figure 14). If puromycin is slow in 
penetrating to the Site of its action, this would, au least partialilye 
explain its lower effectiveness in soybean hypocotyl and barley coleoptile 
sections. Since puromycin has a molecular weight of 472 and a low lipid 


Solubilityye Le would not belexpected to penetrate rapidity: 


The data presented on actinomycin D inhibition of control 
and picloram-induced growth and RNA biosynthesis, and the work of Key 
and coworkers (84, 86), Masuda et al. (105, 106), and Nooden (116) 
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enlargement may be relatively minor quantitatively. Quite likely, 

the synthesis or supply of rRNA or tRNA does not limit cell elongation 
and growth of excised plant tissues, whereas that of mRNA or some other 
type of RNA probably is limiting (84, 106, 116). It has been demonstrated 
(53, 105) that auxin favors the production of mRNA which becomes 
available for combination with free ribosomes to produce polyribosomes 
required for protein synthesis. My findings on picloram as an auxin 
are consistent with the idea that auxin acts by induction of some RNA 
synthesis, presumably mRNA (84, 86, 105, 106, 116), which results in 
the synthesis of new enzymes and ultimately modification of the cell 
wall, allowing cell expansion. There is now some definite evidence 
(112, 123) that auxins change the pattern of protein biosynthesis and 
that there are, in fact, new proteins synthesized in the presence of 
auxins. Norris (120) has presented evidence for such picloram-induced 
changes in cytoplasmic proteins of pea seedlings. It should be 
emphasized, however, that there are possible alternatives to the 
explanation presented above for auxin action. For instance, it has 
been proposed that auxin may act as an initiator of certain polypeptide 


chains, the hormone being bound to the N-terminal of some protein (5). 


The inhibition of control and picloram-induced growth of excised 
soybean hypocotyl and barley coleoptile tissue by inhibitors of RNA 
and protein biosynthesis in these studies further supports the existing 
evidence that RNA and protein biosynthesis are essential for continued 


growth of excised plant tissues. 


Contrary to the promotion observed at low concentration, 


picloram at a higher concentration drastically inhibited the growth and 
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RNA and protein biosynthesis of excised plant tissues. Might the 
inhibition effects be extensions of the same action of (auxin) picloram 
which invoked the promotion effects, or might they be related to 

separate actions? A mechanism similar to the two-point attachment theory 
or Foster €f al. (55) for growth inhibition by auxin can be proposed for 
picloram action. These investigators based their assumption on the 
concept that auxin may act by attaching to some (enzymatic) entity in 

the cell. To stimulate growth, it must become attached at two positions. 
If two auxin molecules become attached at the same site, one molecule 

on each of the two positions, they would mutually inhibit by preventing 
the complete double attachment. Based on studies of the physical 
properties of active molecules, it has been suggested (170) that 

van der Waals and electrostatic forces are important in this auxin- 
Feceplor association. Ficloram exhibits the particular structure a.e. 

a strong negative charge (arising from the dissociation of the carboxyl 
group) separated from a weaker positive charge on the ring (nitrogen 

of the amino group in the case of picloram) by a distance of approximately 


shane A, considered .an essential requirement for auxin activity (170). 


It is also possible that picloram determines the amount and 
types of protein synthesized; low picloram concentrations may induce the 
formation of those proteins (enzymes) required for active growth, but 
high concentrations may induce, in addition, formation of a protein 
which catalyses the synthesis of ethylene from its precursors (170) 
and thus inhibits growth of treated tissues. Further, the possibility 
of a direct effect of picloram at high concentrations on the collapse 


of cell protoplasm by plasmolytic water loss through the cell wall and/or 
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coagulation of cytoplasm (139) cannot be ignored. 


Throughout my experiments I have noted that substances which 
promoted the incorporation of 14 ATP into RNA and of SNe into 
protein commonly promoted uptake of the labeled precursors into the 
excised tissues, whereas those that inhibited incorporation also inhibited 
uptake, at the same time and under the same conditions. Essentially 
similar observations have been made in connection with other auxins and 
auxin-herbicides, (Sl, 62, 09, LO3) and entibiorcics (60. liu, 11). 

The implication is that precursor uptake is in some way dependent upon 
continued synthesis of RNA and protein. An alternative explanation 
could be simply that uptake is a passive function of cell enlargement, 
and thus of promotion or inhibition of growth. Other data do not 
particularly favor the latter interpretation. For instance, when 
picloram approximately doubled the growth of barley coleoptiles it 
promoted the uptake of precursors only by 20 to 25 per cent. Since 
picloram influenced the uptake of ATP and leucine, it is possible 

that membrane permeability is altered. Such a suggestion has been made 
for picloram (90. 132) and other herbicides, (103). ‘Promotion or dnnibi— 
tion of uptake of precursors of RNA and protein synthesis by picloram 
may be physiologically significant, since cells of an intact plant 


must be capable of concentrating their required nutrients from rather 


dilute phloem and xylem contents. 


Interpretation of the results obtained in excised tissue assays 
is complicated by factors such as the concentration of the herbicide 


at the site(s) of action as influenced by concentration of the herbicide 


dotitw equ me $eda be 
olnt anteuiul ys a4 a im. ‘gant aa 
‘ody ogtE aroernaatq batailnt at} ot 
beikeldal oule nobyayoqreunt Betidtdak west 209 y 
iichinsesd « .anetglings eice oily w | by Bn 
bik 2074s “4aijo daiw neldsennan nl sham wot ay we —s 
(OLr Alt £6) aexsnlWlans bor (COL ie $8) «f8) eobtare 

acy? gnahnuqeh Yew aiiqa nt ut ayadqu jquwasniy aia a noiaeat pine 7 

rotogatal rm "heretic oh - -iftelorg Oe std Io es yokse on 
moeneygicl i Lies 14 notions evieteg.« wt oteaewr coly tgake éBices > t 

fod ob nteb yi  lworg, to dots dahat we asonog 20 . “a 
Ca, 


nods ,aoontegt «0% eb teeqaodt “xedaet sd3 sails 3 a si 

ft polloqestes Pslihd To sido add baldueb steuxergne i 

eonth «ita wey, OS oe Os qd 4yiaa Sour een in wea ae he ar -. 
sfdiaeog ef 32 sitonek bre WA Wa alate one basso - 3. on 

‘tem nasd tol nebigoqnns & Baue',-shpyasie at A rae slack, sony 3 as 
filer a6 notyaiet (00). esbietdseil witen Gan (oer 0g) ini a 

nertelutg Yt sheodrnye nessory har AMT qo: saben li wisrqu 2 

inéslq TosInt’ iis 3) olloo oowke ~ ides Tingte yl leptyoin 
roxlgny wort esrneivien havtipey ated’ acts 
Seti: 


ey. 


ayoabs sg29ko bodiaxs nl Oaninydo eilbess 
S 


evrstdasd aft #4 pumas 


ano ns 
shdetteail ght Yom ‘ 


mee leeateh 


in the external medium and the length of incubation period; the 
possibility of involvement with indirect metabolic factors such as 
synthesis of precursors; interruption of the energy balance; species 
selectivity; possible effects on specific enzymes. To avoid some of 
these complications, future research should consider cell-free systems, 


postulated to be susceptible to this herbicide. 


Excised tissue assays probably are not suitable for providing 
an indication of species selectivity based on biochemical mechanisms. 
Degradation or alteration of herbicide structure may not occur in the 
relatively short treatment intervals involved in excised tissue 
experiments. In addition, in RNA and protein biosynthesis studies only 
selected plant parts were involved. For example, shoot and root tissues 
were excluded, and none of the tissues was highly meristematic. Thus, 
many sites and tissues in which different responses could be obtained 
were eliminated in these experiments. Consequently, the status of RNA 
and protein constituents as measured following herbicide treatment of 
intact seedlings and plants with responses measured herein by excised 
tissue assays cannot be directly related. Even though nonmeristematic 
tissue was involved in these experiments, effects on DNA metabolism 
cannot be excluded from consideration (111). There is a possibility 
that the configuration of the DNA template is altered by picloram, 
which in turn would limit RNA and protein biosynthesis. From the 
results of this study on RNA and protein metabolism, and on the basis 
of proposals made by Hanson and Slife (Ob) Be torethewact ton oLssuxin= 
herbicides, it is reasonable to assume that picloram-induced abnormalities 


in meristematic tissues (where most of the picloram is accumulated in 
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susceptible species following foliar or root application) lead to 
aberrant growth of susceptible plants. The immediate cause of death 
is physiological disfunction of leaves and roots brought about by 
abnormal growth in picloram-treated plants. The "freezing' of the 
apical meristems results in cessation of new leaf and root production. 
Plants succumb because the abnormal growth reduces photosynthesis and 
normal phloem transport and the roots become unable to properly carry 


out their functions of salt and water absorption. 


C. Uptake, Translocation, and Metabolism of Picloram 


Excised soybean hypocotyls, barley coleptiles, barley leaf 
sections and Canada thistle leaf discs took up picloram from a liquid 
medium and, in the experimental period, only barley leaf sections 
accumulated it to a concentration higher than that of the external 
solution. A phase of net loss of radioactivity from excised segments 
immersed in a solution of Ly c-b4 lorem is a distinctive feature of the 
'Type L' (unstable accumulation) mechanism of uptake proposed by 
Venis and Blackman (165, 166) for auxinic-herbicides such as 2,3,6-TBA, 
De. -Weand 2455-1) ©Since’ picloram Naststrongyerowthe regulator: propertics, 
it is reasonable to suggest that the uptake and accumulation of picloram 
by excised plant tissues proceeds by a mechanism similar to that proposed 
by Venis and Blackman (165, 166). My results are in agreement with those 


of Baur et al. (16, 154) who suggested a similar mechanism for uptake 


of picloram by potato tuber discs. 
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Actinomycin D and cycloheximide inhibited the uptake of 
picloram by excised plant segments. To my knowledge there are no 
reports in the literature on the effects of these inhibitors on uptake 
of plant growth regulators, but they have been shown to inhibit the 
uptake of other organic compounds (81, 116, 119) and inorganic ions 
(48). The implication is that RNA and/or protein synthesis is in some 
way, directly or indirectly, related to the uptake of picloram by 
excised plant tissues. One such way could be simply through inhibiting 
the growth of these tissues and thus influencing the passive uptake of 


picloram. 


Hien, temperature ‘coelitcientss (irem 166 tog2.o) inetherrance 
of 5° to 35°C) and the marked response to ATP and DNP (Figure 16) are 
characteristics which specifically indicate an active or metabolic 
component in the entry of picloram into excised soybean hypocotyl and 
barley coleoptile sections. Evidence for initial entry of auxins such 
as IAA (37) and 2,4-D (75) by diffusion is suggestive of a passive 
uptake phase for picloram also. These lines of evidence strongly 
suggest that there are both passive and active components involved in 
the uptake of picloram, possibly an initial entry by passive diffusion 
and then immediate involvement of an active metabolic action. A similar 
Suggestion has been made by Isensee et Gb. (73) 9 foe picloram uptakesby 
oat and soybean seedlings from nutrient solution. Metabolic processes 
also could have an indirect effect on uptake by influencing cytoplasmic 
viscosity and accumulation and binding of picloram in the tissue. 


These processes will influence the concentration gradient across ihe 


‘surface layers. 
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Translocation of picloram in Canada thistle, soybean, and 
barley plants was very rapid. One day after foliar application a 
considerable amount of it was translocated out of the treated leaf and 
moved both upward and downward in the stem. The herbicide was accumulated 
in the rapidly developing tissues at the sioot apex of Canada thistle 
and soybean, whereas it was evenly distrib. din barley plants. Initial 
acropetal movement in the treated leaf was in the apoplast, but the 
accumulation of picloram in young growing leaves in a short time (146) 
indicates a 'source-to-sink' pattern of symplastic translocation in the 
assimilate stream (41), which fits well with the mass-flow mechanism 
of phloem transport. The occurrence of a small amount of label in 
untreated mature leaves suggests that some picloram migrated from the 
phloem to the xylem and then was transported acropetally in the trans- 
piration stream. Subsequent export of picloram from these mature leaves 
via the phloem appeared to be limited. The observation that picloram 
is exuded in Canada thistle (146) and other plant species (72, 133) 
in both soil and water cultures is in accord with the suggestion of 
Cratis and Yamaguchi (42) ethat the ability ofa herbicide tosleak 
from phloem to xylem relates to its ability to be exuded by roots. Thus, 
in cases where leakage into the transpiration stream occurs, leakage 


into the external medium from the roots also can take place. 


My observations on translocation of picloram following foliar 
treatment do not suggest any direct inhibition of phloem transport in 
spite of an inhibition of assimilate transport by high concentrations 
of picloram in Canada thistle, Sovypean sand Cora, Vileurce. Oy 174. audio, 


‘respectively) and in grape (97). 
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Theoretically, root-absorbed radioactivity should be evenly 
distributed in the plant, if it is freely mobile. However, the highest 
concentration of picloram was accumulated in the rapidly developing 
leaves at the shoot apex of Canada thistle and soybean after uptake by 
the roots. This type of accumulation following root uptake indicates 
a rapid redistribution of the herbicide with the assimilate flow in the 
plant. Most of the picloram that had entered the older leaves appeared 
to be retained by them. Reid and Hurtt (131) concluded that picloram 
taken up by bean roots bypassed mature leaves in its upward translocation. 
Their conclusion is open to question, however. A more probable explana- 
tion of their data is that picloram rapidly moved into mature leaves 
via the transpiration stream and then was immediately exported again 


via the phloem, with little retention in the leaves’. 


Since accumulation of 1 pd caltgaael ehrerms Pols avery oro 
application in Canada thistle and soybean is greatest in the parts 
farthest from the region of application, particularly in the young 
growing points which act as metabolic sinks, it seems that the susceptible 
recigne of the plants are the metabolically active reoions. ihe wobserved 
pattern of distribution of picloram corresponds well with the visible 


injury symptoms in plants after foliage or root application of picloram. 


Differential absorption, translocation, and metabolism among 
species is a possible mode of herbicide selectivity. The extent of 
absorption and the pattern of subsequent distribution of picloram was 
different in Canada thistle, soybean, and barley plants. Absorption 


of picloram by Canada thistle and soybean was much faster and more complete 


x, eee 
: a, 7 
— 
~ : aie 
vindva 4d blow 4 wd 1S toltet bethyord O54 A DGDE IITOE 


4 


; ead 7 cz 
Jasigtt sid evovavll. calidom ylsazt'? at a, aba hits udiysatt 
yrkpotaveal, Viliqnyost tt bare humane seinen ei apres 


slesan “odta wssdves- big-aiy ens bbonke Ww «qn toons ait an “novaat 


taokhn® Sarg Jog: gosvalt Y aolbtelimyssan to re ehutT eek 
nO Hettebedn “sity dolw cohiotited, ois Is natalia: 


iM env xJ 14! ; a3 2259 batt ue worois by Os & | to-snene ak 7 


wyoftie jadi bebukedoo (LCL) adeall Gee BSD ceo benkesiee $02 
= : 
f } ey ' £ pz a +l sulin bose aiaos naod yd wu alana! 
exiqxee ofdaderrs coun oeswol  hekteaup a ge et noreutoaoe set 
a 7 7 
geval odd r ay oprefoiy Tait ab wieh rte Sous 
eT ——- ; a 
; ' Hort aew oly. bah (eS, %2 ins eenaere oda ety 
ol Pe 7 
4} wi adtynotey STE) dete jwoalelq ads ety 
Ley 
Ti ; ie aad ‘SS j i b\y 3° aI no ey ut impos sonka 
aI at : 1463 a9 TN a. Gigs eis Gil > 6 ity ot ait . ai Jaana 
AAU S i’ Ot MAB Looks q ,4urgs tigas th “qirgor ext ore a er 
Latkyas 7 { wase at pena? af lods iam, -¢ ms fiotl » xIudeoq _aniwoxg 


We |. onéigeay svi fut Ulina ose Sed Siw aenate oils Yo. aookge: 
- 


futety <ait Hitw Cley alneqeatros iontalsig tye oat ‘udvesak i mr93364q 
rT 


. 
Mertolsig 10 tel$eo cleats Inn, 9o By iio} 1s) shonta wk waned 
- : _ 


iow. mel Lotdedsachhs » brie: ot etre +) no eet SreNE i 


lo airgdxe etl -. y0RyidsetSeishividasd 4a shin Lag. cae 


wpe 
ro) msrolala to tacts eth sesupadde pe: rele 


7 ratterendA rem yaaa age, + tre 


288 Lites Hem bas point a 
nm < 


- 


a 


a= 


than that by barley plants following follage “appl icatton. Such 
differences in absorption and in the distribution patterns of picloram 
after shoot or root uptake undoubtedly contribute greatly to the 


expression of its selective action in grass and broad leaf species. 


Evidence was obtained that picloram forms conjugates with 
plant constituents, in excised leaf tissues of barley and Canada thistle. 
Since there was no indication of such conjugation in similarly treated 
soybean hypocotyl and barley coleoptile sections the results cannot 
be attributed simply to microbial contamination. Because less than 1 
per cent of the total activity was associated with macro-molecules such 
as proteins and nucleic acids (TCA-, phenol-, and ethanol-insoluble 
material) and the conjugates gave a positive reaction with benzidine 
for sugar, it is suggested that picloram in excised leaf tissues is 
conjugated mainly with sugar(s). The significance and implications 


of this observation, however, at present are not known. 


Although differential rates of decarboxylation of picloram 
were observed in the different plant species tested, it would be mis- 
leadine to attribute much importance Co this because ot thesextremely 

. 14 
Jow over-all rate of decarboxylation. §ihe rate or CO, evolution 
; 14 ’ “ 
from cotton plants 15 days after treatment with C=picloram was negli- 
gible in the experiments of Meikle et al. (107). Sargent and Blackman 
(136), on the other hand, attributed picloram losses from bean leaf 


discs to decarboxylation, but they did not substantiate their explanation 


with c0,-collection Gaveere 


: 


‘ rae 
partie - +r oe | 
rhe ye Aes J 


elit paps intial = series we ei 


sasiseye. Nash ray 


* - ; ’ 

ibe at casas >. 4499 ‘BE mt aT = 

ate, nosngibston aby vig Ais | 

eliniva phened ina yore? to =abaels) tee) peados sith an 
. r 


3° 


hoist? «onldebe tf ial seainos Hie 36, MOR Roms 


, 


jonias ai That say analyse aL Ya quotes: s 1 bf aig radyon 

I wert? agol SeuRoull nekiahbakigdat tinditnste he 84 hat 7 
Hage 2siuminars mae Ad ty, bode spok es: BeM eatverai om al to 
ebilogaehd=lonnhue® bun, ;-bopediy Aa) cis, okt Ue 
silstensd Usew nok eis avdt sag np Song sis at wae 

es @uticels taal) Geelroxs 4 he wal ahe, tail beisaygie ab al ~ a 


anotaubifingd bha sbadetidngte af! . bomen ae 
beth Jag eve) wean gy te Aer SOC 


orelatq Yq qattalyvedsatabt6 aosay ioksnsyyiaih gutta 
7 = 


~ahy att bheow dd (berwer o«tuaye anaty ino tEh sha ok) b 
tisecrdce of? “Oo <piepud elie O49 vane: nearees Sn doustsoan 08 
hof efave an" bin isha wit ekg eh etl ann 
“iigan esw, uncigss ena Ariv ener sn a 
epimao aT Son 1indy4e : OL) As Ws af 0. urd s ila at slot 
thal masd nor tooeck ea oe — Z 
RvfaoMnhgun sats aden Yor bib felch er ond 7 
~ tank 
. a ; 


7 


4) 


- ve 


7 — Pe 


= ae 


The limited amount of information on the fate of picloram 
applied to plants is contradictory. Picloram does not seem to be 
rapidly immobilized or degraded by plants (72, 107). In the present 
studies, no indication of picloram metabolism in Canada thistle, soybean, 
and barley plants was found. It is possible, however, that degradation 
products of picloram were present in ethanol extracts and subsequently 
were lost in the purification procedures needed before the extracts of 
intact plants could be chromatographed. In excised tissue experiments 
no such purification steps were needed. Physiological changes such as 
an increase in certain enzyme(s) in excised leaf sections of barley 
and Canada thistle in the presence of light may be responsible for the 
conjugation of picloram with plant constituents observed in these 
tissues. The results of my experiments confirm the earlier reports 
(2,3. 7/0." 107) “ot the persistent mature of picloram in plants, whee 


makes this chemical a very potent herbicide. 


The results reported in this thesis clearly indicate that 
differences in absorption and in distribution patterns of picloram 
after shoot or root application, tosether with ditterential efriects. 
direct or indirect, on nucleic acid and protein metabolism, photosynthesis, 
and photosynthate translocation all play an important role in the 
susceptibility or resistance of the species studied to this herbicide. 
Further research on picloram aimed at pinpointing more exactly its site 
of action should include extensive investigations of enzyme systems 
concerned with intermediary metabolism, respiration, and photosynthesis. 
The subject of nucleic acid and protein metabolism merits detailed 


investigation, for the aberrant nucleic acid metabolism of sensitive 
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Species) is  thoushe to underly death (30, 66,.357). (Clearly, no stu 
explanation of auxin-herbicidal action will be forthcoming until the 
biochemistry of nucleic acid metabolism in response to auxins can be 


adequately studied tn vitro. 
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